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ABSTRACT

Arora, Nigam Bir, II. Ph.D., Purdue University, December 2016. Utilization of
Ferrioxamine Microarrays for the Rapid Detection of Pathogenic Bacteria. Major
Professor: Alexander Wei.

Siderophores are low-molecular weight species utilized by bacteria for the
sequestration of iron, an essential nutrient. Siderophores and their cognate receptors are
considered to be virulence factors, due to their prominent role in pathogenicity. The
work presented here focuses on ferrioxamine (FOx) as an “immutable” ligand for
pathogen detection. A number of bacterial strains expressing high-affinity FOx receptors
were identified by a proteomic BLAST search, and screened against microarrays
patterned with FOx conjugates for detection using label-free optical imaging. Aspects
such as inkjet printing and surface chemistry, iron-limiting conditions and bacterial
selection protocols, and linker conjugate design were addressed and optimized.
The label-free optical imaging method is capable of both sensitive and rapid
detection of select pathogens, dependent upon bacterial concentration and exposure time.
Y. enterocolitica could be detected as low as 102 cfu/mL after a 1-hour exposure;
conversely, several pathogenic bacteria could be detected after just 30 seconds of
exposure at 107 cfu/mL. Additional studies on pathogen detection at refrigeration
temperatures are discussed.
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CHAPTER 1. SIDEROPHORES AS IMMUTABLE LIGANDS

1.1 Introduction to Siderophores
Siderophores are a class of small molecules, whose name means “iron bearer” in
Greek.1 As the name implies, siderophores are utilized for acquisition of iron, an element
critical to numerous cellular and subcellular processes in both eukaryotic and bacterial
cells.2-5 An astonishingly wide variety of living organisms utilize siderophores as a
mechanism for acquisition of this essential nutrient.6 This chapter focuses on the use of
siderophores by bacteria, although some species of fungi and plants also employ these
molecules. Hundreds of siderophores have been discovered in bacteria alone, since they
were first described in 1949.6-7
Siderophores have several defining features: They are generally low molecularweight species (mw 400–1000), chelate ferric ions (Fe3+) via hexadentate coordination
with formation constants ranging from 1012–1052, and are highly soluble in water.8-10
Siderophores can be further categorized by the chemical functional groups used to chelate
iron; these include hydroxamate, phenolate, catecholate and α-hydroxycarboxylate
(Figure 1.1).11-12 Mixed-type siderophores that utilize a combination of chelating groups
are also known to exist.
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Figure 1.1: Representatives of the four major types of siderophores and their cognate
bacterial species. Chemical structures defining the siderophore type are boxed in yellow.

Bacteria often secrete siderophores in response to environmentally low levels of
iron.13 Upon chelation of iron, siderophores are recovered by parent bacteria via cognate
receptors presented on their outer membranes.14 Receptor–siderophore relationships vary
widely: in some cases, receptors are highly selective and will only recognize a specific
siderophore structure; a well-known example is the selective binding of staphyloferrin A
or B by S. aureus.15-16 In other cases, a particular receptor might recognize a few
structural congeners from the same siderophore family, as exemplified by the uptake of
ferrioxamine, coprogen, or rhodotorulic acid by the same receptor expressed by E. coli
(K12 strain).17 The ability of bacteria to bind xenosiderophores (i.e. species other than its
native siderophore) is a commonly observed evolutionary adaptation.12, 18-19 Once bound,
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iron-chelated siderophores are internalized through an ABC cassette-type transporter,1
which for Gram-negative species is usually TonB-dependent.19 Upon reaching the
cytoplasm, the iron is released by enzymatic degradation of the siderophore or by
reduction to iron(II), which has greatly reduced affinity for the siderophore.19
Siderophores are often recycled, as their synthesis is an energetically demanding
process.20
The idea of exploiting bacteria’s affinity for siderophores has been around for
some time. The discovery of sideromycins, naturally occurring siderophore–antibiotic
conjugates, was the starting point for this field.21 Since then a variety of synthetic
siderophore–antibiotic conjugates have been tested for targeted delivery and increased
antibiotic potency.22 In a similar vein, we and others have used siderophores as ligands
for detecting pathogenic bacteria.16, 23-25 In the next section we present the rationale
behind this approach, and earlier work that provides the foundation for this thesis.

1.2 Immutable Ligands for Bacterial Detection
As described in the previous section, the use of siderophores as iron scavengers is
an important mechanism by which bacteria obtain this essential mineral.26 Both
siderophores and their corresponding receptors are considered to be virulence factors as
they contribute directly to bacterial pathogenicity.27-28 This is evidenced by severe
attenuation or complete loss of pathogenicity in bacteria after deletion of genes
responsible for synthesis of siderophores and their receptors.29-30 Mutants that are unable
to export siderophores from cells also exhibit a reduction in virulence.31 This reliance on
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siderophores and their receptors to maintain pathogenicity is a longstanding evolutionary
trait and is widespread throughout the bacterial kingdom.12, 32-33 For this reason,
siderophore recognition can be considered to be immutable. In this thesis, we define
immutable ligands as molecules with essential roles in pathogenicity and virulence,
enabling colonization within a pathogen’s requisite host. The use of immutable ligands
for detecting pathogenic bacteria offers several fundamental benefits, not the least being
their low vulnerability to nonfunctional mutations.

1.2.1

Methods of Pathogen Detection and Associated Pitfalls

A variety of methods for detecting pathogenic bacteria exist, none of which utilize
immutable ligands. Most of them are plagued by one or more of the following: (1) slow
turnaround time (i.e. time to detection); (2) susceptibility to bacterial mutation (i.e. loss
of recognition function); (3) variable performance in different environments (i.e.
requirement for laboratory-controlled conditions); (4) reliance on expensive and/or
sensitive reagents; and (5) reliance on trained personnel. Traditional bacterial culture
methods remain the gold standard for pathogen identification; however, they have many
drawbacks for rapid detection. In addition to the need for a controlled laboratory
environment and trained personnel, the results can take several days to produce.34
Alternatives to culture-based methods have been developed for rapid pathogen
detection, although they share one or more of the weaknesses described above. For
example, polymerase chain reaction is much faster than culture-based methods but has its
own limitations such as the need for expensive instrumentation, trained operators,
reliance on sensitive reagents, and potential interference from contaminating DNA
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sources.35 Antibody-based lateral flow assays have the advantage of speed and
portability, but may also prove unreliable due to their inherent vulnerability to
environmental degradation and also to nonfunctional mutations.36-38 Regardless, the
current state of the field is now focused on methods that are rapid, sensitive, and
environmentally robust. In many cases, time to detection of 15 minutes or less has
become the expected norm.39-42

1.3 Ferrioxamine as an Immutable Ligand for Pathogen Detection
While the promise of siderophores as ligands for pathogen detection is strong, a
number of practical challenges must be addressed. One of these is to obtain a steady
supply of siderophores for detection assays. The production of siderophores by bacterial
fermentation is possible but much time is required for purification and the yields are often
low.11 Total synthesis is another alternative, however only a handful of well-developed
procedures have been published for select molecules, and total synthesis in itself is a
highly labor-intensive process. Some siderophores are commercially available but at
prohibitively high costs, with a single milligram costing over $500 in several cases.
Deferoxamine B (also deferrioxamine or simply dFOx), the cognate siderophore
of Streptomyces pilosus,43 offers perhaps the best combination of biological activity and
accessibility. Commercially available as deferrioxamine mesylate (Desferal), this
compound is widely used as a medical treatment for hemochromatosis and thalassemia.4445

Thanks in part to market volume, dFOx is available at a price and purity that makes it

appealing for further development as an immutable ligand. It also has a free primary
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amine for easy modification, using standard bioconjugate chemistry methods, and the
molecule itself is stable in a variety of chemical environments.

1.4 Bacterial Ferrioxamine Receptors
In addition to availability, affordability and robustness, ferrioxamine offers much
promise as a low-molecular weight ligand for pathogen detection. As with all
siderophores, chelation with iron is achieved readily by simple exposure to solutions
containing Fe3+ ions (Scheme 1.1); in this thesis, the corresponding metal complex will
be referred to simply as FOx.
FOx is known to bind with high affinity to cognate outer-membrane receptors
(OMRs) found in many pathogenic bacteria.12, 19, 46 Three major FOx receptors have been
characterized so far: (i) FoxA, which is used by Yersinia enterocolitica47-48 and also by
Salmonella enterica;49 (ii) FhuE, which is expressed by A. baumannii50 and several
strains of Escherichia coli; and (iii) FhuD1/2, whose isoforms are found primarily in
Staphylococcus aureus but also in certain bacilli.51-52 All three major FOx receptors have
been widely studied, and shown to be important virulence factors in their parent
pathogens. Less well-characterized receptors for FOx have also been identified, including
DesA in V. vulnificus53-54 and FoxB in certain strains of E. coli and P. aeruginosa.55-56
O
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Scheme 1.1: Chelation of dFOx with Fe to become FOx.
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In the case of Y. enterocolitica, the administration of Desferal (dFOx) to treat
hemochromatosis has been shown to promote Yersinia infections, specifically by strains
that use FoxA for iron acquisition.57 A study of human clinical isolates of Y.
enterocolitica showed greater than 95% of strains examined utilized FOx for iron
acquisition.58 FoxA mutants are unable to harvest FOx for iron uptake; conversely,
transfection of the FoxA gene into E. coli strains that do not typically use FOx for iron
acquisition bestows the capacity to harvest this siderophore.47
The FhuE receptor has been shown to be crucial for the uptake of FOx by A.
baumannii; studies with FhuE deletion mutants have confirmed the receptor’s essential
role in FOx uptake.50 It was also found that expression of FhuE alone, in the absence of
other siderophore receptor proteins, was sufficient for A. baumannii to harvest FOx.50
Incidentally, a pan-genomic study including 30 different A. baumannii strains revealed
the FhuE receptor to be highly antigenic.59
In the case of FhuD1 and FhuD2, these lipoprotein receptors are presented on the
surfaces of Gram-positive species such as Staphylococcus aureus, which lack an outer
cell membrane and thus behave differently from OMRs expressed by Gram-negative
bacteria. The crystal structures of FhuD2 and its FOx complex was published recently,
confirming unequivocally that this receptor is fundamental in the transport of FOx
through the bacterial wall.52 Studies involving FhuD2 deletion mutants of S. aureus
show expression of this receptor to be critical for establishing initial infection in
mammals.60 The strength of this result led the same group of researchers to begin work
toward a vaccine against S. aureus using virulence factor FhuD2 to generate immunity.61
Studies with the methicillin-resistant form of S. aureus (MRSA) also show evidence of
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the role of FOx in infection.62 The addition of exogenous FOx enhances infections by
MRSA, which express both FhuD1 and FhuD2; in contrast, the level of infection by
deletion mutants without these receptors are unaffected by the addition of FOx.

1.5 Protein BLAST Search and Analysis
The basic local assignment search tool (BLAST) is a powerful bioinformatics tool
that compares specific sets of genetic or protein data against the vast archives of
compiled data. BLAST allows for any amino acid (protein) or nucleotide (gene)
sequence to be searched against the proteomes or genomes of a given species. The
results of a BLAST search will show whether a sequence of interest is likely to be present
in selected species, and also the degree to which they are similar (consensus). In our
research, we used BLAST to identify bacterial strains exhibiting outer membrane or
lipoprotein receptors capable of binding FOx.
BLAST searches were conducted on two databases, bacteria.ensembl.org and
blast.ncbi.nlm.nih.gov. Our efforts were focused on protein rather than gene sequences
as we wished to identify actively expressed receptor proteins, although analogous genebased searches were sometimes performed for confirmation. BLAST searches focused
on bacterial proteins63 identified receptors FoxA, FhuE and FhuD2, whose affinities for
FOx were in accord with earlier studies involving bacteria expressing those receptors.47-52
We also screened for FOx receptors in several drug-resistant bacterial strains, for
potential expansion into the rapid detection of these public health menaces.64 A summary
of all BLAST searches focused on FOx receptors are presented in Table 1.1.
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Table 1.1: Bacterial strains subjected to BLAST search based on expression of FOx
receptors
ATCC #a

Bacterial Strain

FOx Receptor(s)

Available laboratory strains
Acinetobacter baumannii

19606

FhuE

Aliivibrio fischeri

7744

None
None

Bacillus anthracis
Bacillus cereus

14579

FhuD2

Bacillus megaterium

14581

None

Bartonella henselae

49882

None

33560

None

VR‐571B

None

E. coli (Migula)

25922

FhuE

E. coli (O157:H7)

43895

None

E. coli K12 MG1655

700926

FhuE

E. coli O104:H21

BAA‐178

None

Enterobacter aerogenes

13048

FoxA

Klebsiella pneumoniae

27736

FoxA

19115

None

Campylobacter jejuni
Chlamydia trachomatis

Listeria monocytogenes

None

Mycobacterium smegmatis
Neisseria gonorrhoeae

49226

None

Pseudomonas aeruginosa

47085

FoxA

Rhodospirillum rubrum

9791

None

Salmonella enterica

35664

FoxA, FhuE
None

Shigella spp.
10537

FhuD2

BAA‐1720

FhuD2

Staphylococcus epidermidis

155

None

Streptococcus pneumoniae

BAA‐255

None

Vibrio cholerae

39541

None

Yersinia enterocolitica

51871

FoxA

Staphylococcus aureus
S. aureus, methicillin‐resistant (MRSA)

Drug‐resistant Strains64
Carbapenem‐Resistant Enterobacteriaceae (E. coli)

FoxA

Carbapenem‐Resistant Enterobacteriaceae ( K. pneumoniae)
Vancomycin‐Resistant Enterococcus (VRE; Enterococcus faecium; ATCC
700221)

FoxA
None

Methicillin‐Resistant Staphylococcus pseudintermedius (MRSP; 49051)

FhuD2

Clostridium Difficile (C‐DIFF)
Salmonella enterica serovar Typhi; ATCC 19430

None

Vancomycin‐Resistant Staphylococcus aureus (VRSA)

None

FoxA
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Of available laboratory strains, 11 were identified by BLAST search of the three
major FOx receptors. In particular searches against Y. enterocolitica, S. enterica, A.
baumannii, S. aureus, P. aeruginosa, K. pneumoniae and MRSA were performed against
the exact ATCC strains used in our laboratories. Interestingly, a BLAST search with S.
enterica (ATCC 35664) was found to express receptors FoxA and FhuE, although the
latter has not been reported in literature previously.47-49

1.6 Conclusions
Siderophores, like so many useful natural products, have been shaped by
evolutionary pressures into a sophisticated and structurally diverse group of molecular
species. In particular, many pathogenic bacteria have developed siderophores for the
acquisition of iron, an important virulence factor. For this reason, siderophores can be
considered as immutable ligands that enable the recognition and capture of specific
bacteria with high affinity. Unlike antibodies, nonfunctional mutations cannot cause
siderophore recognition to fail, as pathogenic bacteria will always have a need for iron.
Exploiting siderophore recognition for pathogen detection thus avoids many of the
common pitfalls associated with antibody-based recognition.
FOx is an ideal siderophore as an immutable ligand for bacterial detection: it is
employed by numerous pathogen receptors, and is readily available at an affordable cost.
A variety of human pathogens present outer membrane and lipoprotein receptors with
high affinity for FOx, as verified by protein BLAST searches.
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1.7 Materials and Methods
BLAST search. Amino acid sequences for receptors FhuD2 (Q7BGA5_STAAU) and
FhuE (A0A009HL84_ACIBA) were found on UniProt.org.65 The sequence for FoxA has
been described in the literature.47 BLAST searches were performed using the website
bacteria.ensembl.org. From the home page BLAST was selected from the main menu.
Once on this page the amino acid sequence for a single receptor protein was copied and
pasted into the box labelled “sequence data”. Underneath this box the option for
“Protein” was selected in order to search against known amino acid sequences. The next
box titled “search against” allowed for selection of up to 25 bacterial strains from the list
of tens of thousands available to search against. For each receptor protein multiple
searches were performed in order to accommodate all strains from Table 1.1. Underneath
this box, the option for “protein database” was selected and the next box labeled “search
tool” was automatically set to “BLASTX”. The box labeled “search sensitivity” was set
to “normal”. After each of these steps was complete search was started by clicking the
“run” button.
Upon completion of the search a list of jobs would come up. For each job a
section titled “view results” was selected for more detailed information. This information
gave several indicators about the quality of the hit. The length of the sequence should
match that which was input. The E-val should be below 10-4, with lower values
indicating a better match. %ID was also shown, indicating the amount of homology
between the sequence search and the one being viewed. For a definitive hit this should
be near 99% or above. Furthermore, by clicking the name of the protein a written
description would come up. A description such as “ferrioxamine receptor” was a further
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indicator of a good hit. If all these identifiers were positive it was considered a positive
hit. The strain exhibiting the examined protein was then added to the list of positive hits
displayed in Table 1.1.
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CHAPTER 2. OPTIMIZATION OF MICROARRAYS FOR DETECTION OF
FERRIOXAMINE-BINDING PATHOGENS

2.1 Introduction to Microarrays for Detection of Pathogenic Bacteria
The method presented here was designed to afford straightforward, reliable and
rapid detection of pathogenic bacteria. The method has evolved over time and has
benefited from incremental improvement through the efforts of previous work in our
laboratories. The label-free pathogen detection method with FFT readout was first
reported by Doorneweerd et al. in 2010.1 In brief, a bacteria binding molecule
(pyoverdine) was conjugated to bovine serum albumin (BSA) and patterned onto
substrates as a linear grating by microcontact printing using PDMS stamps. The capture
of pathogenic P. aeruginosa onto the array could be imaged under optical darkfield
conditions, and quantified by converting images into spectra by fast Fourier transform
followed by peak analysis. Later that year, a second report published by Adak et al.2
demonstrated that a glycan conjugated to a bishydrazide linker could also be tethered
onto BSA for presentation on substrates as periodic microarrays, with the successful
detection of P. aeruginosa at 103 cfu/mL.
In 2012, Kim et al.3 showed that the siderophore ferrioxamine (FOx) could also
be used for pathogen capture and detection. These microarrays were screened against
multiple species of live pathogens including Y. enterocolitica, P. aeruginosa and S.
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aureus. A formal limit of detection for Y. enterocolitica was established to be 103
cfu/mL after a 1 hour exposure. In 2013, Adak et al. demonstrated the use of non-contact
inkjet printing for patterning conjugates as dot-matrix microarrays onto activated glass
substrates.4 FFT analysis of simulated microarrays was examined in detail, and noted for
its fault tolerance and potential application toward multiplex detection. Since the
introduction of these methods, further progress has been made with regard to inkjet
deposition and substrate conditioning. The work presented in this chapter represent the
most significant advances in the inkjet printing of immutable ligand microarrays.

2.2 Chip Preparation and Optimization
The process begins with an immutable ligand that is recognized by bacterial
strains of interest. While FOx is featured for reasons described in Section 1.4, the
methodology is readily adaptable to many other ligands. In this work, we conjugate FOx
to a bis-isothiocyanate (ITC) linker for its optimal presentation to bacterial receptors. The
conjugates dissolve readily in mildly basic buffers and can be deposited onto activated
glass substrates by inkjet printing. Ligand concentration, ionic strength, pH, and
surfactant additives are all important factors for “ink” optimization.
Inks are loaded into cartridges for piezoelectric deposition using a Dimatix
materials printer (DMP-2800). Droplets (10-pL) jetted by the printhead nozzle are
controlled via a programmable waveform that allows all the piezoelectric pulse to be
customized. The waveform along with several other DMP settings needs to be adjusted
for every ink, to enable their optimized deposition into periodic dot-matrix arrays.
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Droplets are deposited onto 1.25-cm2 glass substrates coated with epoxysilane (Nexterion
E), and incubated overnight in a 75% relative humidity chamber to allow complete
bonding of the printed conjugate to the epoxy-coated substrate. After curing, substrates
are washed and blocked against nonspecific binding using BSA. From this point
forward, the printed, washed and blocked substrate will be referred to simply as a “chip.”
Chips can be used immediately in pathogen detection experiments, or stored in a
desiccator under an argon atmosphere for later use. Chips are typically handled by their
edges with forceps, and exposed to bacterial suspensions by the drop-on-chip method
(discussed in Section 3.3) or briefly immersed by the horizontal submersion method
(discussed in Section 3.4). Following exposure to bacteria, chips are rinsed by applying a
jet of water on their backside, dried under a stream of nitrogen, then imaged under
darkfield conditions.

2.2.1 Preparation of Ferrioxamine Conjugates
FOx has the qualities of an immutable ligand for pathogen detection, but its
presentation on substrates for optimal interaction with bacterial receptors remains to be
defined. Initial attempts to reproduce the conjugation of FOx onto a generic protein
carrier such as BSA were largely unsuccessful;3 however, we found that conjugating a
bis-isothiocyanate (bis-ITC) linker onto FOx enabled its attachment onto a variety of
molecules and substrates.
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2.2.1.1 FOx–BSA Conjugates and Associated Pitfalls
FOx–BSA conjugates were previously used for presenting ligands to bacterial
receptors, following their immobilization onto substrates via covalent attachment of their
exposed cysteine and lysine residues.3 Conjugation of FOx onto BSA was performed
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), followed by purification
using a 10-kDa cutoff spin filter. Characterization using matrix-assisted laser desorption
ionization (MALDI) mass spectrometry confirmed a successful conjugation reaction
(Figure 2.1), with an average of eight FOx ligands per BSA. The FOx–BSA conjugates
were then patterned onto epoxy-coated substrates as chips for pathogen detection, and
tested against live Y. enterocolitica at concentrations of 103–106 cfu/mL using an
incubation time of 1 hour. Unfortunately, chips prepared in this manner proved to be
relatively insensitive: FFT analysis showed that detection was only achieved at 106
cfu/mL, and not at lower concentrations (Figure 2.2).
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Figure 2.1: MALDI analysis of (A) unmodified BSA and (B) FOx–BSA conjugate, with
an average of eight FOx molecules per BSA.

Figure 2.2: Darkfield images of FOx–BSA patterned chips, following 1 hour exposure to
Y. enterocolitica. (A–C) Images of chips post print, post block, and post exposure to
PBS, respectively. (D–G) Images of chips after 1-hour exposure to bacteria at 106–103
cfu/mL. (H) FFT analysis of images D–G; significant signal is produced only at the
highest concentration (Chip D; 106 cfu/mL).
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2.2.1.2 Synthesis of Bis-isothiocyanate (ITC) Linkers
FOx attached to BSA may not have achieved its optimal presentation. We first
considered that attaching FOx directly onto the chip, rather than as a protein conjugate,
may support a configuration necessary for binding to receptors. This was tested
experimentally by patterning FOx (0.66 mg/mL or 1 mM) onto activated substrates,
which were screened against four strains known to express FOx-binding receptors
(Figure 2.3); unfortunately, this did not yield any improvements.

Figure 2.3: Darkfield images of FOx patterned chips following (A–B) printing and
blocking respectively and after 30 minute exposure to (C) Y. enterocolitica, (D) S.
aureus, (E) S. enterica and (F) A. baumannii.

We then hypothesized that introducing a linker to FOx–BSA conjugates might
improve its accessibility to FOx receptors, using ITCs for conjugation. Linkers
containing terminal ITCs were appealing for at least two reasons. First, they react readily
with primary amines, and are thus well suited for coupling FOx (which has a terminal
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amine) with an amine-presenting substrate. Second, ITCs can be hydrolyzed under
moderately basic conditions into primary amines, thereby changing its role from
electrophile to nucleophile.
Three α,ω-diamines were converted into bis-ITCs 1–3 using the two-step method
by Munch et al. (Scheme 2.1):5 (i) 1,4-diaminobutane, a short and hydrophobic linker;
(ii) p-xylylenediamine, which is also hydrophobic and more rigid than diaminobutane;
and (iii) 2,2’-(ethylenedioxy)bis(ethylamine), a flexible, hydrophilic linker. All of these
were prepared in high yields, and coupled with the terminal amine of FOx to yield
derivatives 1a–3a (Scheme 2.2).

Scheme 2.1: Synthesis of 1,4-butanediisothiocyanate (butylene bis-ITC), p-xylylene
diisothiocyanate (xylylene bis-ITC), and 2,2’-(ethylenedioxy)bis(ethylisothiocyanate).
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Scheme 2.2: Synthesis of FOx-bis-ITC conjugates 1a–3a.

FOx–bis-ITC derivative 3a was then conjugated onto BSA at different
concentrations, yielding conjugates with average ligand–protein ratios of 1.2, 6.5, and
14.7. Conjugates were evaluated in microarray format for the detection of Y.
enterocolitica. We hypothesized that the additional freedom provided by the linkers
would improve the presentation of FOx to cognate bacteria. However, detection with the
BSA conjugates proved to be inconsistent and afforded low sensitivity, typically
requiring bacterial concentrations of 107 cfu/mL to achieve positive signals. In addition,
the inks prepared from these BSA conjugates began to degrade in as little as five days,
even when stored at 4 °C. We thus discontinued the development of chips based on
patterned FOx–BSA conjugates.

2.2.1.3 Synthesis of Low-Molecular Weight FOx Conjugates
After multiple uninspiring attempts to capture bacteria of interest using BSAbased conjugates, we hypothesized that chips patterned directly with derivatives 1a–3a
might be useful for pathogen detection. However, conjugation of these molecules onto
epoxysilane-activated slides required their conversion into nucleophiles. This was
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achieved simply by hydrolysis of the remaining ITC group into a primary amine (3b) at
high pH;6 a second approach involved converting the ITC into a thiosemicarbazide
(NH(CS)NHNH2) by hydrazine addition. These modifications were performed on FOxbis-ITC conjugate 3a, derived from the hydrophilic linker 2,2’-(ethylenedioxy)bis(ethylITC), by gradual hydrolysis at pH 10–11 to generate amine derivative 3b, or by treatment
with hydrazine hydrate to generate thiosemicarbazide 3c (Scheme 2.3).

Scheme 2.3: Conversion of FOx–bis-ITC derivative 3a into nucleophiles 3b and 3c.
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The hydrolysis of 3a to 3b was studied using several different pH conditions.
Samples of 3a were dissolved in pH 7 PBS buffer, pH 9 sodium bicarbonate buffer, and
pH 11 sodium carbonate buffer, each at a concentration of 100 mM. All samples were
allowed to sit overnight at room temperature followed by analysis using positive-ion ESI
mass spectrometry (Figure 2.4); hydrolysis was also confirmed by IR (Figure 2.5).

Figure 2.4: FOx-bis-ITC 3a and desired hydrolysis product 3b are depicted in the top
panel, along with associated molecular ion peaks (M+H and M+Na) by positive-mode
ESI mass spectrometry. The lower panels show mass spectra of samples treated with
buffers at pH (A) 7, (B) 9 and (C) 11; only the latter produced strong evidence of 3b.
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Figure 2.5: IR spectra of 3a and 3b.

Attempts to hydrolyze 3a at pH 7 did not produce any free amine, whereas partial
conversion was observed at pH 9 and full conversion was observed at pH 11. It was later
determined that hydrolysis could be performed at pH 10 over a longer reaction time (10
mM Na2CO3 buffer, 48–72 hours). This condition allows us to avoid the more basic
buffer, with less residual salt after inkjet printing.

2.2.2 Optimization of Chip Preparation

2.2.2.1 Synthesis of FITC Conjugate for Optimization of Chip Preparation
The reliability and uniformity of ligand printing is a fundamental factor in chip
preparation. In particular, it is important to gauge how efficiently an amine-terminated
conjugate can be attached to the epoxy-coated substrate. To accomplish this, we
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conjugated a diamine linker to fluorescein isothiocyanate (FITC) to produce conjugate 4
(Scheme 2.4). FITC is similar in size and molecular weight as FOx and should validate
the quality of surface functionalization. Very importantly, compound 4 can be viewed by
fluorescence microscopy and be used to evaluate every step of microarray production.

Scheme 2.4: Synthesis of FITC conjugate 4.

2.2.2.2 Optimization of pH and Humidity Conditions with FITC Conjugate
A variety of inkjet conditions were assessed using 4 as the test ink. We first
analyzed the alkalinity of the buffer at pH 7 and 11 (Figure 2.6). While both conditions
enabled substrate labeling by 4, higher fluorescence intensity was observed using the
more basic solution. Negative control studies without 4 or using FITC without diamine
did not show any fluorescence after blocking, as expected.
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Figure 2.6: Fluorescence microscopy of substrates printed with 4 or FITC. (A–C)
Substrates labeled with 4 at pH 7 after printing, washing and blocking respectively; (D–
F) substrates labeled with 4 at pH 11 after printing, washing and blocking; (G–I)
substrates printed with FITC at pH 11 after printing, washing and blocking.

Relative humidity during curing of patterned substrates was also evaluated. After
printing at pH 11, substrates were stored overnight in an airtight chamber with a
container filled with water halfway and saturated with salt such that one inch of solute
remained at the bottom. NaCl, Mg(NO3)2, and MgCl2 were used to achieve a relative
humidity (RH) of 75%, 53%, and 33% respectively. After curing for 12 hours at room
temperature, substrates were removed and subjected to standard washing and blocking
procedures.
Substrates cured at variable RH were imaged by fluorescence microscopy (Figure
2.7), which revealed variations due to different RH conditions. Spots on substrate cured
at 33% RH clearly showed a uniform ring of higher intensity surrounding a less uniform
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central region. This phenomenon, known as contact line pinning,7 was also observed in
substrates cured at 53% RH, although to a lesser extent. Spots on substrates cured at 75%
RH show the greatest uniformity of cases studied. From these results, it was determined
that 75% RH was optimal for curing.

Figure 2.7: Fluorescence images of substrates patterned with 4 and cured overnight at (A)
75% RH, (B) 53% RH, or (C) 33% RH.

2.2.2.3 Minimization of Background Noise
After completion of the rinsing and blocking steps, there should be no visual
evidence of the printed microarray: darkfield imaging of the chips should appear
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essentially blank. This is important as the pattern should only be visible after exposure to
cognate bacteria, caused by scattering from immobilized cells. As standard practice,
blocked chips were routinely imaged prior to exposure to bacteria to ensure minimum
background.
Microarrays generated from FOx conjugate 3b gave rise to a persistent
background, despite copious washings. This was likely due to the use of unpurified
conjugate after hydrolysis. In regards to detection of target bacteria, 3b performed
adequately so making changes to the conjugate itself was not considered a viable option.
The situation called for a method to remove visible background from chips, while
preserving the detection capability provided by 3b.
The issue of background visibility was remedied by making a few key changes to
the method of chip preparation. The first change was to replace the 100 mM sodium
carbonate buffer (pH 11) with 10 mM (pH 10) for hydrolysis of 3a to 3b. The second
was to alter the rinsing method used after printing and blocking. Previously a dip rinse
had been utilized, in which the substrate was gripped with forceps and dipped vertically
into rinsing solutions (PBS 1X containing Tween-20, followed twice by deionized water),
then agitated by hand for 10 seconds. This was replaced by submersion of substrate(s)
printed side up in a buffer-filled petri dish, with orbital shaking at 40 rpm for 15 minutes.
The third change was to increase the Tween-20 concentration in the first rinse from
0.05% to 0.25% (v/v). Implementing these modifications resolved nearly all issues
related to systematic background noise.
It is worth mentioning that several other variables were also tested that either
failed to reduce background or resulted in loss of detection capability. These included
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increasing the concentration of BSA in the blocking solution from 0.1 to 1.0% (w/v),
introduction of 0.05% Tween-20 into the BSA blocking solution, and inclusion of DMSO
in the inkjet formulation. Sonication of chips submerged in cleaning solution was also
investigated and observed to have an adverse effect on detection capability, likely due to
the aggressive removal of surface-bound conjugate.

2.3 Culturing of Pathogenic Bacteria in Iron-Restricted Media
Bacteria of interest were cultured in standard liquid media and monitored for
changes in optical density at 600 nm (OD600). At the end of their log growth phase,
bacteria were centrifuged to pellets and rinsed three times with phosphate buffered saline
(PBS). Finally, bacterial suspensions were diluted serially with PBS and exposed to
chips for pathogen detection experiments.
In detection studies described previously by Kim et al,3 a relatively low dose of
2,2’-bipyridine (bipy; 80 µM) was added to growth media for Y. entericolitica. Bipy
limits the available iron, but not to the point where requisite growth to late log phase is
inhibited. The culturing of bacteria under iron-restricted conditions can activate the Fur
system and promote expression of siderophore receptors.8-10 However, each type of
bacteria has a unique response to environmental stress, requiring tailoring of culture
conditions. In other words, to achieve maximal expression of FOx-binding receptors,
optimization of iron-limiting conditions for each strain of interest is requisite.
For the data shown in Table 2.1, strains were grown in culture tubes with 10 mL
of broth with incubation at 37 °C (unless otherwise noted) and 220 rpm shaking. First-
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generation cultures were inoculated from previously frozen (–80 °C) stocks; subsequent
generations were inoculated as 1% (v/v) solutions using active strains. As standard
practice, strains were grown out for a minimum of three generations prior to inoculation
in bipy-treated media. These cultures were handled exclusively with acid-washed
materials to eliminate the possibility of iron contamination. For optimization, strains
were cultured in broth with variable bipy concentrations ranging from 0.05–3 mM, to
determine the highest restriction of iron while still permitting steady growth. For many
strains, a clear concentration threshold could be determined above which bacteria did not
proliferate. Other strains could proliferate at even the highest bipy concentrations; in
these cases, optimal conditions were determined by consistency of culture growth and/or
by the quality of the detection experiments.

Table 2.1: List of bacterial strains optimized for growth under iron-restricted conditions
Bacterial strain

Broth

Max. [bipy], in mM

Y. enterocolitica

Luria-Bertani

3

Y. enterocolitica (4 °C)

Luria-Bertani

0.05

S. aureus

Tryptic Soy

1

MRSA

Tryptic Soy

1

P. aeruginosa

Luria-Bertani

0.3

S. enterica

Luria-Bertani

0.1

A. baumannii

Nutrient Broth

0.1

K. pneumoniae

Nutrient Broth

0.1
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2.4 Pathogen Detection
Bacterial adhesion onto patterned chips could be imaged in a label-free manner
using optical darkfield microscopy, based on the light scattering from the bacteria
themselves.1-4 Chips without exposure to bacteria should appear nearly blank when
viewed under darkfield conditions, whereas those exposed to bacteria should support a
periodic pattern commensurate with concentration. However, visual inspection is not
sufficiently objective to determine whether bacterial adhesion to the ligand microarrays is
significant, especially in cases of high background or low signal intensity. To address this
issue, darkfield images can be analyzed by fast Fourier Transform (FFT) to convert
periodic signals into reciprocal lattice peaks, as represented schematically in Figure 2.8.

Figure 2.8: Overview of detection methodology, with FFT readout.
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FFT analysis of the bacterial adhesion patterns allows signals to be compared
quantitatively against noise or local background intensities, referred to here as S/N and
S/B respectively, where N is based on the standard deviation of B:

σ
In this study, a 2D-FFT algorithm was applied using WSxM software,11 followed by a
linescan along the x-direction to produce a one-dimensional Fourier spectrum.
Background intensities were estimated after applying a logarithmic weighting function to
suppress low-frequency (1/f) noise (see Section 2.9, Materials and Methods).

2.5 Initial Use of Small-Molecule Conjugates for Screening Bacteria
Detection experiments were performed following the basic methodology outlined
in Section 2.2, using inks composed of 1 mM of 3a (0.8 mg/mL) dissolved in a 5:1 ratio
of 100 mM carbonate buffer (pH 9) and dimethylformamide (DMF) containing 0.005%
Tween-20 (v/v). The basic pH was expected to promote hydrolysis of the ITC to the
corresponding amine, and covalent binding by ring opening of the epoxy groups on the
substrate surface. Tween-20 was included to promote consistent jetting of droplets from
the nozzles of inkjet printer cartridge, and also to prevent clogging. Following inkjet
printing and curing and rinsing steps, substrates were blocked against non-specific
binding using 0.1% (w/v) BSA in PBS, rinsed to remove unbound BSA, and dried under
a stream of nitrogen.
Chips were screened for detection against four bacterial strains shown to have
receptors for FOx by literature precedent or by BLAST search as described in Section
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1.5. Selected strains include Y. enterocolitica, S. aureus, S. enterica and A. baumannii.
Some of these were subjected to a competitive binding test to establish that adhesion of
bacterial cells to chips patterned with 3a was specific to ferrioxamine: A suspension of Y.
enterocolitica was dosed with 1 mM dFOx 30 minutes prior to exposure to the chip, in
order to saturate all available receptors and inhibit binding to the FOx microarray. E. coli
Nissle 1917 (a non-pathogenic strain not expected to bind FOx) was also screened as a
negative control. As a second negative control, a chip treated only with PBS was carried
through the entirety of the experiment. All strains were cultured in iron-deficient media
to mimic physiological conditions and to ensure the expression of FOx receptors, and
initially surveyed at a concentration of 107 cfu/mL. Chips were exposed to bacterial
suspensions for 30 minutes using the drop-on-chip method (see Section 3.3), then rinsed,
dried, and imaged as shown in Figure 2.9.
The results of this initial screening showed all strains to have affinity for the FOx
microarrays. All negative controls also performed as expected, and did not produce any
significant evidence of FOx-mediated adhesion. The competitive inhibition experiment
is especially noteworthy: The absence of binding validated the assumption that bacterial
adhesion was mediated by receptor–ligand interactions. The lack of binding by E. coli
Nissle 1917 supported the notion that pathogen capture was specific to strains expressing
FOx-binding receptors. Finally, the lack of visible signals in the PBS control eliminated
the possibility of nonspecific sources of light scattering from the patterned microarray.
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Figure 2.9: Darkfield images from preliminary screening of FOx-binding bacteria using
FOx microarrays. Chips are shown (A) post print, (B) post block, and after 30-min
exposure to (C) Y. enterocolitica, (D) S. aureus, (E) S. enterica and (F) A. baumannii.
Chips used as negative controls include (G) competitive inhibition of Y. enterocolitica
using free dFOx, (H) exposure to E. coli and (I) exposure to PBS buffer.

Despite this initial success, we found that bacteria screened at concentrations
below 107 cfu/mL were not detected in any case. We hypothesized that the rate of
hydrolysis at pH 9 was only sufficient to convert a small percentage of FOx-bis-ITC 3a
into the corresponding amine 3b. As a result, only a small amount of FOx conjugate was
attached to the substrate surface, therefore limiting sensitivity. Subsequent studies
indicated hydrolysis at pH 10–11 drastically increased the amount of 3b (Figure 2.4).
Inkjet printing of these solutions was found to produce reliable and uniform array
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elements on epoxysilane-functionalized substrates, with greatly improved limits of
detection.

2.6 Limit of Detection Using Ferrioxamine Microarrays
In these studies, the ink used for printing FOx microarrays consisted of 3 mg/mL
3b in 10 mM sodium carbonate buffer (pH 10) containing 0.005% Tween-20 (v/v).
Substrates post-printing were subjected to the curing and rinsing protocol described
previously prior to blocking. Y. enterocolitica was cultured under iron-minimal
conditions as described in Section 2.3.
To determine the limit of detection (LOD) for Y. enterocolitica, five chips were
exposed to bacterial suspensions at concentrations between 106 and 102 cfu/mL. A
negative control chip was exposed to PBS buffer and also carried through all parts of the
experiment. Chip exposure time was 1 hour using the drop-on-chip method (Section 3.3).
Chips were imaged under darkfield conditions (Figure 2.10), then subjected to FFT
analysis for an objective determination of positive capture (Figure 2.11). In some cases,
bacteria-treated chips were treated with propidium iodide (PI) to confirm that optical
scattering was primarily due to immobilized Y. enterocolitica. Chips were first sterilized
with UV light irradiation (254 nm) for four hours, then exposed to 3 µg/mL PI in a pH 7
sodium chloride/sodium citrate buffer for 10 minutes before rinsing with water, drying
with compressed air, and imaging with a fluorescence microscope (Figure 2.12).
PI staining confirmed that the patterns visualized by darkfield imaging were in
fact due to scattering from immobilized bacteria. This was reinforced by images taken
with the 100X objective, showing individual stained cells clustered on printed spots. We
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can thus conclude that the LOD for Y. enterocolitica is 102 cfu/mL, given an exposure
time of one hour. Under the same conditions, A. baumannii and MRSA achieved a LOD
of 105 and 104 cfu/mL respectively. Nevertheless, these results confirmed that chips
printed with amine-terminated FOX conjugate 3b, formed in situ by hydrolysis of FOXbis-ITC 3a at pH 10–11, could provide high sensitivity for pathogen detection.

Figure 2.10: Darkfield images depicting chips from LOD study with Y. enterocolitica.
(A) post print, (B) post block, (C) after exposure to PBS only, and (D–H) after exposure
to bacteria at concentrations of 106 – 102 cfu/mL respectively.
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Figure 2.11: FFT signals from darkfield images of LOD experiment, with associated S/N
and S/B values.

Figure 2.12: Fluorescence images of all chips used in LOD experiment, after treatment
with PI. Low-magnification images with 10X objective (A–E) and images of individual
array elements spots with 100X objective (A’–E’) are represented for chips exposed to
bacteria at 106, 105, 104, 103, and 102 cfu/mL, respectively. Negative control chips treated
with PBS buffer (F and F’) appear blank, indicating absence of immobilized bacteria.
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It should be noted that all chips, printed with 3a or 3b, were able to produce
visible patterns by darkfield imaging, including negative controls, given sufficient image
exposure times. For this reason, FFT analysis is necessary to establish significant
bacterial adhesion in an objective manner, with rejection of signals from negative
controls. When properly established, S/N and S/B values confirmed that detection was
possible even at the lowest bacteria concentration of 102 cfu/mL. Overall, both S/N and
S/B decrease with bacterial concentration; importantly, imaging setting can be set such
that PBS controls show no appreciable signals, with S/N at 1/a below three, the standard
threshold of significance.

2.7 Optimization of PathoTest Device (Mark V)
Earlier work related to this project involved the design and construction of a semiautomated benchtop instrument (PathoTest) that combined label-free pathogen detection
with FFT readout.12 This instrument went through several rounds of development; the
last version, dubbed Mark V, was capable of detecting bacteria adhesion in real time,
albeit at rather high concentrations. The device comprised a USB camera, 3X zoom
lens, cuvette for viewing chips mounted vertically, and a LED ring lamp for wide-angle
illumination (Figure 2.13A). The camera and lens were mounted together on an
adjustable track allowing for changes in focal length, and the distance between the ring
lamp and the sample could be adjusted independently.
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Figure 2.13: PathoTest Mark V. (A) Bird’s eye view of major components; (B) two
methods of mounting chips on cuvette walls. In the “front side mount” configuration, the
microarray is facing away from camera.

We attempted to use the PathoTest Mark V to detect Y. enterocolitica with FOxconjugated microarrays. Optimization steps for chip imaging include adjusting the focal
length to 3.5 cm, and mounting chips on the front side of the cuvette for better optical
contrast (Figure 2.13B). By utilizing simple capillary forces, the chip could be effectively
stuck to the cuvette wall with either a drop of water or NVM index-matching fluid.
Water provided higher signal intensities, but NVM fluid provided superior contrast and
was used in subsequent studies.
The position of the ring lamp was also assessed systematically for maximum offaxis illumination. Using the “front side mount” configuration, the lamp was moved in 1cm increments from the focal plane, with an image taken at each position. FFT analysis
of these images indicated 8 cm to provide the highest intensity FFT signals. These
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optimized imaging conditions were applied toward chips from the LOD study with Y.
enterocolitica (106–102 cfu/mL), with analysis by FFT (Figure 2.14).

Figure 2.14: FFT analysis of chips imaged with PathoTest Mark V.

Unfortunately, the S/N of the reciprocal lattice peak (kx = 1/a) were weak
compared to those derived from images acquired under darkfield conditions (Figure
2.11), and the chip treated with bacteria at 102 cfu/mL did not produce any notable signal
after FFT analysis. The PathoTest Mark V system was thus not able to compete with
darkfield microscopy when it came to samples prepared at lower bacterial concentrations.
In addition, the printed microarrays themselves generated sufficient background under
the imaging conditions described above, possibly due to a high level of residual organic
material generated during the in situ hydrolysis of 3a. For these reasons, work with the
Mark V was discontinued. However, it is worth noting that subsequent studies with
purified 3b (conjugate 5) and also 6 produced much lower levels of background, leaving
the door open to a re-investigation of portable systems for point-of-care analysis.
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2.8 Conclusions
The methodologies utilized for detection of pathogenic bacteria were
systematically optimized, enabling a limit of detection at 102 cfu/mL in the best cases.
FITC conjugate 4 proved useful for optimizing the conditions of ink pH and relative
humidity during post print curing for uniform and reproducible spot formation. An
improved procedure for removing residual materials from the FOX conjugate arrays post
printing also proved fruitful for reducing background levels. Progress was made toward
optimizing iron-restricted conditions for culturing multiple pathogens of interest. This
was important, as individual bacterial strains respond differently to iron deprivation. The
synthesis of several linkers and FOx conjugates was also achieved, and two conjugates,
3a and 3b, were used successfully for detecting pathogens of interest. In situ hydrolysis
of 3a was shown to be capable of capturing Y. enterocolitica, S. aureus, S. enterica and
A. baumannii; by increasing its efficient conversion to 3b, a limit of detection for Y.
enterocolitica of 102 cfu/mL could be achieved.

2.9 Materials and Methods
Fast Fourier transform (FFT) analysis. Raw images were loaded into WSxM software
in greyscale TIFF format, where they were adjusted to 1 micron per pixel and sized to
1004 x 1002 pixels (Figure 2.15) The periodic array images were slightly tilted off-axis
to avoid artifacts created by boundary effects. FFT processing produced an output image
measureable in frequency units. A line profile through the x-axis produced a onedimensional Fourier spectrum which could be evaluated quantitatively for peak signal
intensities (S) at 1/a (in µm-1), where a represents the periodicity of the printed
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microarray (in µm). It should be noted that many Fourier spectra also produced a
significant secondary harmonic at 2/a.
To estimate background (B) and noise (N) values, fundamental and secondary
harmonic peaks were edited from the Fourier spectrum, followed by a logarithmic
baseline correction. Mean background intensities near the 1/a peak were calculated using
the range of x values between 0.016 and 0.046; the S/N value was calculated as S–B/σB
(see Section 2.3).

Figure 2.15: Overview of steps involved in FFT analysis. (A) Darkfield images of
microarrays (periodicity = a) are rescaled to 1 micron per pixel. Image is slightly tilted to
avoid artifacts created by boundary effects. (B) FFT processing yields a 2D image in the
frequency domain (kx = 1/a). (C,D) Line profile along the x-direction yields Fourier
spectrum. (E) Expansion of Fourier spectrum containing fundamental and secondary
harmonic peaks (1/a, 2/a). (F) Peak signals are edited from Fourier spectrum, followed
by application of a logarithmic fit to remaining data points for baseline correction. The
corrected spectral values were used to determine S/N and S/B.
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Synthesis of 2,2’-(ethylenedioxy)bis(ethylisothiocyanate) (3a). To a solution of 2,2’(ethylenedioxy)bis(ethylamine) (322 µL in 5 mL dry methanol) was added triethylamine
(612 µL) and carbon disulfide (400 µL). The reaction was stirred at room temperature
and monitored for changes in optical extinction using Cary 50 UV-vis spectrometer.
Formation of the bis-dithiocarbamate (DTC) intermediate was observed at 5 minutes; the
reaction was deemed complete at 15 minutes. The reaction vessel was cooled to 0 °C in
an ice bath. Di-tert-butyl dicarbonate (1.19 g in 1.25 mL dry methanol) was added to the
reaction mixture, followed by 4-dimethylaminopyridine (DMAP; 8.1 mg in 1mL dry
methanol), and the reaction was warmed to room temperature. UV spectroscopy showed
reduction in DTC absorption at 255 and 290 nm within 5 minutes at room temperature,
and emergence of an absorption band at 225 nm corresponding to the isothiocyanate
(Figure 2.16). The reaction mixture was stirred for 1 hour, then concentrated by rotary
evaporation to a clear yellow oil (418 mg, 82% yield). ITC formation was confirmed by
13

C NMR (Figure 2.17). Bis-ITC 3a was used without further purification.
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Figure 2.16: UV spectra of reaction mixture during the synthesis of 2,2’(ethylenedioxy)bis(ethylisothiocyanate) (3a).
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Figure 2.17: 13C NMR (300 MHz, CDCl3) of bis-ITC 3a.

Synthesis of p-xylylenediisothiocyanate (3b). To a solution of p-xylenediamine (50 mg
in 10 mL dry methanol) was added triethylamine (102 µL) and carbon disulfide (67 µL).
The reaction was stirred at room temperature and monitored by UV-vis spectrometry.
Formation of the bis-DTC intermediate was observed at 5 minutes, and the reaction was
deemed complete at 15 minutes. The reaction vessel was cooled to 0°C, treated with ditert-butyl dicarbonate (337 mg in 500 µL dry methanol) followed by DMAP (1.35 mg in
500 µL dry methanol), then warmed to room temperature. Within 2 hours, UV
spectroscopy again showed reduction in DTC absorbance peaks and emergence of a peak
corresponding to ITC formation. The reaction mixture was stirred for at least 12 hour at
room temperature to ensure complete conversion to 3b (Figure 2.18); reaction monitoring
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by ATR-IR spectroscopy indicated a large increase in ITC (Figure 2.19). The reaction
mixture was then concentrated by rotary evaporation to a tan paste (60 mg, 82% yield).
ITC formation was confirmed by 13C NMR (Figure 2.20).
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Figure 2.18: UV spectra during synthesis of p-xylylenediisothiocyanate (3b).
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Figure 2.20: 13C NMR (300 MHz, CDCl3) of p-xylylenediisothiocyanate (3b).

Synthesis of 1,4-diisothiocyanatobutane (3c). To a solution of 1,4 diaminobutane
(36.9 µL in 10 mL dry methanol) was added triethylamine (102 µL) and carbon disulfide
(67 µL). The reaction was stirred at room temperature and monitored by UV-vis
spectroscopy; formation of the bis-DTC intermediate was observed at 5 minutes and the
reaction was deemed complete at 15 minutes. The reaction vessel was cooled to 0°C and
treated with di-tert-butyl dicarbonate (320 mg in 500 µL dry methanol) and DMAP (1.35
mg in 500 µL dry methanol), then warmed to room temperature and allowed to stir for at
least 12 hours, then concentrated by rotary evaporation (53 mg, 95% mass recovery).
ATR-IR and 13C NMR spectroscopy both showed the presence of ITC groups as well as
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some peaks not associated with the product, likely due to residual di-tert-butyl
dicarbonate.
Conjugation of FOx to bis-ITC linkers. A solution of iron(III) chloride (4.9 mg in 1
mL DMSO) was treated with 18.5 mg of dFOx to form the corresponding iron chelate
(FOx). The dark red reaction was mixed for 10 min at room temperature until a
homogeneous solution was obtained, then treated with dry triethylamine (15 µL) and
2,2’-(ethylenedioxy)bis(ethylisothiocyanate) (14 µL) and allowed to stir for at least 12
hours. Product formation and the disappearance of FOx were monitored by ESI mass
spectrometry (Figure 2.21). Purification was performed by HPLC (Waters) using a C18
reverse-phase column (Phenomenex 250 x 21 mm) with a gradient of 25–75%
acetonitrile in water, at a constant flow rate 10 mL/min (Figure 2.21). Fractions
containing the desired conjugate were concentrated first by rotary evaporation (to remove
acetonitrile), followed by lyophilization. The conjugates were obtained as orange
powders, with isolated yields on the order of 60%.

Figure 2.21: Left panel shows HPLC chromatogram from purification of compound 4a.
The red arrow denotes the product peak. The small ridge just before the product peak is a
known contaminant and was not collected with the product. The right panel shows the
resulting ESI+ mass spectra of the purified product peak.
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Inkjet printing. 1–2 mL of FOx conjugate (0.8 – 3 mg/mL) was filtered through a 0.22µm PTFE membrane filter, prior to loading into the Dimatix cartridge reservoir (10 pL
drop size). The cartridge print head was attached to the reservoir, with care taken to
remove air bubbles from the reservoir neck by pressing (but not connecting) the two parts
together with reservoir side down. The assembly was then inverted (reservoir side up),
allowing ink to flow through the neck into the print head. As soon as ink was observed
passing through the neck, the two pieces were connected; this was done quickly to avoid
spilling ink outside the reservoir. The assembled cartridge was then tapped directly on
the neck of the reservoir several times, using a finger or reverse side of a small
screwdriver, to promote the release of any small bubbles that may have been trapped.
Finally, the inkjet cartridge was loaded into the Dimatix printer.
All standard operating procedures were performed according to the Dimatix
operator manual, with the exception of the cartridge settings which were adjusted to
ensure proper jetting and droplet formation. Standard inks consisted of 3 mg/mL
conjugate dissolved in 10 mM Na2CO3 buffer containing 0.005% Tween-20 (v/v). A
jetting voltage between 18 and 25 V was used in conjunction with the waveform shown
in Figure 2.22; jetting was limited to a single nozzle for reliable control over droplet
deposition. The voltage and waveform settings have the greatest influence on droplet
formation; other noteworthy settings include cartridge temperature (30°C), meniscus
setpoint (3.0), and cartridge print height (1.000 mm). Settings under the cleaning cycle
are also important, with all categories set to “spit purge spit”. The cycle was run every
200 bands or 180 seconds during active printing, and every 300 seconds while idle.
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Figure 2.22: Screenshot depicting the waveform used for patterning chips with FOx
conjugates, using the Dimatix inkjet printer. The values shown under “individual
segment controls” correspond with the initial (red) section of the timeline.

Acid-treated materials. Microcentrifuge tubes and pipet tips were acid-washed prior to
use with bacterial suspensions in iron-minimal media. An acid bath comprised of 1–2%
HNO3 in deionized water was prepared in a large glass container (>3 L). Acid-treated
materials were fully submerged and allowed to soak for at least one hour, with stirring
every 15 minutes. The acid bath was then discarded, and treated materials were washed
with freshly dispensed deionized water for a minimum of six times. Materials were
placed into autoclavable boxes and autoclaved at 121 °C.
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CHAPTER 3: ULTRA-RAPID DETECTION OF BACTERIAL PATHOGENS

3.1 Introduction to Rapid Pathogen Detection
Time is a crucial factor in the detection of actively virulent pathogens. All
strains in this study have earned reputations as public health threats when left
unchecked. S. enterica is the single largest cause of bacterial foodborne illness in the
United States with an estimated 1,027,561 cases each year, including 19,000
hospitalizations and 380 deaths.1-2 Y. enterocolitica is also of concern in food safety,
and is known to thrive at refrigerator and even freezer temperatures.3-11 S. aureus and
its methicillin-resistant strains (MRSA) are leading causes of nosocomial infections in
the United States,12-14 and are included in the group of pathogens referred to as
ESKAPE bacteria, along with A. baumannii.15 Many ESKAPE pathogens are resistant
against currently available antibiotics, and have become a menace in hospitals and
other health clinics.16
Early detection provides the opportunity to respond to these threats in a quick
and targeted fashion,17-18 reducing the overreliance on blanket remedies such as
broad-spectrum antibiotics, which only serve to exacerbate the issues of poor patient
outcomes19-20 and the creation of multidrug-resistant strains.21
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However, standard methods of bacterial detection lack the fast turnaround time
necessary to combat these dangerous pathogens. This issue is well known to the
scientific community, as evidenced by the current drive to develop more rapid detection
methods.22-25 Federal and international health agencies have echoed the call for further
development of rapid, cost-effective methods for the detection of pathogenic bacteria.2628

Numerous approaches to pathogen detection are being explored, but many have been

plagued by one or more pitfalls, as described in Section 1.2.1.
The use of siderophores such as FOx and other small-molecule conjugates
provide valuable entry points for the development of new rapid pathogen detection
methods, as described in several publications from our laboratory.29-31 Reducing time to
detection (TTD) has become our primary objective, in our drive to push detection
methods toward useful applications. In previous studies, time points for detection were
held constant at 30 or 60 minutes in some cases.32 In this Chapter, we probe the
practical limits of our system and find that detection can be easily achieved within 30
seconds, which we have dubbed “ultra-rapid detection.” In particular, we find that the
method of sample preparation is crucial for enabling TTD in the ultra-rapid domain.
With all parameters optimized, FOx microarrays on chips were able to capture
five pathogenic bacterial strains with high levels of sensitivity. In the case of Y.
enterocolitica, detection was achieved at bacterial concentrations as low as 102 cfu/mL
within 60 minutes. In this chapter, we systematically studied bacterial detection as a
function of exposure time to determine the TTD for each strain. In particular, we
considered the rates of binding between FOx and specific bacterial receptors, to better
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understand the molecular aspects of siderophore-mediated bacterial adhesion in our
detection platform.
It was previously shown that the appropriate presentation of FOx is crucial for
rapid binding of cognate bacteria to chip surfaces. FOx patterned onto chips without a
linker was incapable of binding effectively to Y. enterocolitica or other FOx binding
strains. In order to improve presentation, FOx conjugates 5 and 6 (section 3.2) were
synthesized then patterned onto substrate to produce chips used in TTD experiments for
the five strains of interest. Initially experiments were performed using the drop-on-chip
method described in Chapter 2 (also see Section 3.3), which enabled detection to be
achieved in as little as five minutes, but in a rather capricious fashion. We hypothesized
that the drop-on-chip method introduced turbulent flow that discouraged planktonic
bacteria from activating their virulence factors (see Section 3.4), and considered
alternative methods of exposing capture chips to bacteria that might further reduce
TTD.
We thus developed the “horizontal submersion method,” in which chips were
fully submerged into a still bacterial suspension, lying flat with the microarray facing
upward. This method of sampling provided a drastic improvement in TTD for all five
strains, with strong signals achieved within 30 seconds of exposing chips to bacteria.
Additional experiments were performed to monitor detection at exposure times for up to
15 minutes. Negative control experiments confirmed that detection was mediated by
ligand–receptor interactions; the binding of strains expressing FOx receptors onto chips
could be reduced by competitive inhibition with free dFOx, prior to exposure.
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3.2 Synthesis of Ferrioxamine Conjugates
In the course of optimizing experimental design parameters, it became evident
that the surface chemistry for presenting FOx conjugates (see Sections 2.2.2 and 2.5)
needed to be optimized as well. FOx conjugated with 2,2’-(ethylenedioxy)bis(ethylisothiocyanate) (3a) was subject to hydrolysis in 10 mM Na2CO3 buffer (pH 10).
The major product (identified as 3b in its crude form) was purified by reverse-phase
HPLC to yield conjugate 5. Electrospray ionization mass spectrometry (ESI-MS) in
positive mode showed a major peak at the expected m/z ratio (Figure 3.1). Taking
advantage of the modular nature of the bis-ITC linker, 5 was then treated with 2,2’(ethylenedioxy)bis(ethylamine) and purified by reverse-phase HPLC to yield conjugate
6 (Figure 3.2). The syntheses of both conjugates are shown in Scheme 3.1.

61
O

H 2N

O

O

N
H

S
C

HN
N
H

O

N
O

5

O
Fe

O
O

N

O
HN

N

O

Na2CO3 Buffer
pH 10 - 11
24 - 48 hr, RT

O
HN

S
SCN

O

O

N
H

C

N
H

O

N
O

O
Fe

O

4a

N

O
O

HN

N

O

2,2'-(ethylenedioxy)bis(ethylamine)
Et 3N, DMSO
16 h, RT
O

H2 N

O

O

H
N

H
N
C
S

N
H

S
O

O

N
H

6

C

N
H

O

N
O

O
Fe

N

O

O
O
N

HN
O

Scheme 3.1: Synthesis of conjugates 5 and 6

Figure 3.1: Purification and characterization of 5. Left, HPLC trace for purification of 5,
with the red arrow pointing to the product peak. Right, ESI mass spectrum of purified 5.
[M+H]+: calcd m/z = 804, actual = 804.6; [M+Na]+: calcd m/z = 826, actual = 826.5.
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Figure 3.2: Purification and characterization of 6. Left, HPLC trace from purification of
6, with the red arrow pointing to the product peak. Right, ESI mass spectrum of
purified 6. [M+H]+: calcd m/z = 994, actual = 994.4; [M+Na]+: calcd m/z = 1016, actual
= 1016.6.

3.3 Preliminary Studies Utilizing Drop-on-Chip Method
The drop-on-chip method was employed for all experiments described in
Chapter 2. This method involved placing the capture substrate horizontally in a petri
dish with patterned side facing up. A suspension of a given bacteria at a given
concentration was prepared in PBS. A portion of this suspension (200–400 µL) was
then pipetted directly onto the patterned substrate using a 1-mL micropipetman.
Optimally the suspension would cover 80–90% of the substrate surface (1.25 cm2) but
would not reach to the corners. The substrates was covered with a petri dish lid
immediately following placement of the liquid, with care taken not to cause any
mechanical disturbance to the sample.
The goal of these experiments was to determine the TTD for each bacterial
strain identified as a binding partner for FOx by BLAST search from Section 1.5. Of
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the strains identified, seven were available in our lab for testing: Y. enterocolitica, S.
aureus, MRSA, S. enterica, A. baumannii, K. pneumoniae and P. aeruginosa. Each of
these strains was tested at a concentration of 107 cfu/mL with 15-minute and 5-minute
exposure times, and 106 cfu/mL with 15-min exposure times, using substrates patterned
with 6. All strains other than P. aeruginosa were also tested under identical conditions
using substrates patterned with 5. These experiments could determine whether
detection was reliable with exposure times of 15 minutes or less, and whether linker
length in 5 and 6 was a significant factor in TTD. While it was clear that a linker was
necessary for bacterial detection from the experiments described in Section 2.5.2, it was
unknown whether further increasing its length would provide any advantages. The
results presented in Table 3.1 neatly address this question.
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Table 3.1: Summary of S/N values from bacterial detection studies using the drop-onchip method
Conjugate 5
7

107
106
cfu/mL
cfu/mL
Exposure time (min)
15
5
15
26.7
8.2
NDa

Yersinia enterocolitica (FoxA)

10
10
cfu/mL
cfu/mL
Exposure time (min)
15
5
15
a
21.8
ND
NDa

Staphylococcus aureus (FhuD2)

15.0

3.1

NDa

NDa

NDa

‐‐ b

MRSA (FhuD2)

11.8

3.7

NDa

NDa

NDa

‐‐ b

Acinetobacter baumannii (FhuE)

3.7

NDa

NDa

7.4

NDa

NDa

Klebsiella pneumoniae (FoxA)

NDa

NDa

NDa

NDa

NDa

NDa

Salmonella enterica (FoxA, FhuE)

NDa

NDa

NDa

8.6

NDa

NDa

Pseudomonas aeruginosa (FoxA)

‐‐b

‐‐ b

‐‐ b

NDa

NDa

NDa

Strains (receptors)

a

Conjugate 6
6

ND indicates no detection was achieved; b -- indicates experiment was not attempted.

Darkfield images of chips and their associated FFT analyses using 5 and 6 are
represented in Figures 3.3 and 3.4 respectively. In the case of 5, four bacteria were
detectable after a 15-minute exposure, with Y. enterocolitica providing the highest S/N,
followed by S. aureus and MRSA, then A. baumannii near the threshold of detection.
However, with 5-minute exposure times only S. aureus and MRSA produced signals
near the threshold of detection. In the case of 6, three bacteria were detectable after a
15-minute exposure, with Y. enterocolitica again providing the strongest signal,
followed by S. enterica and A. baumannii. However, only Y. enterocolitica could be
detected within 5 minutes.
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Figure 3.3: Representative raw images and FFT analysis (where appropriate) from
experiments using drop-on-chip method with chips patterned with 5. Appropriate
controls appear essentially blank.
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Figure 3.4: Representative raw images and FFT analysis (where appropriate) from
experiments using drop-on-chip method with chips patterned with 6. Appropriate
controls and blocked microarrays appear essentially blank prior to bacterial exposure.

Several other observations of the experiments above are also noteworthy. First,
bacterial concentrations of 107 cfu/mL were required for signal generation; at the lower
concentration of 106 cfu/mL, detection was not achieved in any case. Second, the
capture profiles of substrates patterned with 5 and 6 were highly variable. Conjugate 6
performed best for the detection of strains expressing the FoxA and FhuE receptors. Y.
enterocolitica, which expresses the FoxA receptor,33-34 was captured by both conjugates
but 6 supported a higher S/N ratio and also a faster time to detection. A. baumannii,
which expresses the FhuE receptor,35 was also captured by both conjugates with a 15minute exposure, but chips prepared using 6 again produced higher S/N ratios. These
trends were further reinforced by experiments with S. enterica, which expresses both
FoxA and FhuE receptors,36 and was detected only by conjugate 6. Conversely, S.
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aureus and MRSA, which express the FhuD2 receptor,37-39 were only detected by
conjugate 5.

3.4 Pathogen Detection Using the Horizontal Submersion Method
Use of the drop-on-chip method provided good results during LOD studies when
all data points were collected at 30 minutes, but was less than optimal when data points
were collected at 15 minutes or less. This suggests that planktonic bacteria needed 15–
30 minutes to resume their fully active state following pipet transfer. We postulated that
the motion associated with pipetting bacterial suspensions onto chips was enough to
activate a self-protective response in planktonic cells that suppresses surface adhesion,
as shear forces are known to do.40-41 These types of disturbances should be avoided to
keep bacteria primed for adhesion.42-44
To circumvent this problem, an alternative method of exposing chips to bacterial
suspensions was devised, described here as “horizontal submersion.” Once the bacterial
suspension had been washed with PBS, an aliquot was pipetted into a 3-dram vial and
diluted to the desired concentration with a final volume of 3–4 mL. The diluted
suspension was then mixed very gently using pipet action, then left standing without
further disturbance for a minimum of 20 minutes, prior to the pathogen detection
experiment. Chips were then gripped by forceps on a predesignated corner and lowered
vertically into the vial, edge-first, with minimum mechanical disturbance. The
submerged chip was then released and allowed to rest horizontally on the vial floor with
patterned side facing up (Figure 3.5).
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Figure 3.5: Visual comparison of chip exposure methods. In the drop-on-chip method,
chips were laid flat and bacterial suspension was pipetted directly onto the patterned
face of the chip. In the horizontal submersion method, chips were gripped with forceps
and lowered onto the floor of a vial with a bacterial suspension that had been
undisturbed for at least 20 minutes, patterned side face up.

With the horizontal submersion method, bacterial detection became possible
within 30 seconds. “Vertical submersion” was also attempted: In one instance, chips
were held in the vertical orientation and dipped into solution without resting on any
surface, for times ranging from 30 seconds to 2 minutes; however, capture of bacteria
was not observed. In another instance, chips were left leaning against the inner wall of
the vial while submerged in still suspension, but required at least 5 minutes for
detection to occur. We thus conclude that chips added to a still suspension and laid in a
horizontal state are necessary conditions for ultra-rapid bacterial adhesion.
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3.5 Ultra-rapid Detection of Y. enterocolitica, S. aureus, S. enterica and A. baumannii
TTD experiments were performed for five strains of interest using the horizontal
submersion method, with exposure times of 15 minutes, 5 minutes, 2 minutes, and 30
seconds. The first two time points allowed for direct comparison to the drop-on-chip
method, while the latter two validated detection in the ultra-rapid time domain. Each
condition was tested using 5 and 6, to determine if variability based on tether length was
a factor, as observed earlier with the drop-on-chip method. For all cases, bacteria were
cultured in iron-deficient media in order to mimic physiological conditions, achieved by
adding 2,2-bipyridyl (bipy) to media prior to autoclaving. Optimization of bipy
concentrations for each strain are described in Section 2.3, with final values listed in
Tables 3.2 and 3.3.
In the cases of S. aureus and MRSA, we applied an additional culturing
technique prior to performing TTD experiments. These strains were selected over
several generations utilizing FOx as a source of iron. This was achieved by cycling
growth media between stock TS broth and TS broth dosed with both bipy (1 mM) and
FOx (50 µM) several times. FOx-selected cultures were then cultured in a standard
iron-deficient media (TS with 1 mM bipy) for use in TTD experiments. This method of
selection was also employed for A. baumannii, but only for the TTD experiment
performed using 6. As shown in Section 3.3, detection of S. aureus, MRSA and A.
baumannii within 15 minutes is still possible without FOx selection pressure. However,
we have found that selective feeding is important to lower the TTD to the ultra-rapid
domain, to ensure that receptors of interest were being expressed. In contrast, neither Y.
enterocolitica (37 °C or 4 °C) nor S. enterica were subject to any type of selection; both
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were grown in standard LB broth prior to inoculation of iron-deficient media, prior to
TTD experiments.
For a given pair of conjugate and bacterial strain, chips were employed at each
time point and imaged by darkfield optical microscopy at three different ROIs. Each
image was independently processed by FFT analysis to determine both S/N and S/B.
These values were then averaged to give a value representative of the entire capture
chip as minor variability was known to exist. The same process was repeated for each
strain (Figure 3.6).
Tables 3.2 and 3.3 summarize all processed results, including S/N and S/B.
Overall these experiments proved to be successful as detection (S/N > 3) was achieved
in nearly every condition tested. Furthermore, control experiments involving
competitive inhibition with excess free ligand confirmed the specificity of bacterial
adhesion to be mediated by FOx–receptor interactions. For these experiments, separate
bacterial suspensions were first treated with 250 µM dFOx, 5 or 20 minutes prior to
chip exposure, with the hypothesis that excess dFOx would saturate bacterial receptors
and reduce binding to tethered conjugates. In all cases except one, chips exposed to
dFOx-treated bacteria did not demonstrate detection within 30 seconds. In the singular
case of A. baumannii, pre-incubation with dFOx for 5 minutes was not sufficient to
suppress pathogen adhesion, however inhibition was achieved with 20
minutes of pre-incubation.
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Figure 3.6: Detection of Y. enterocolitica using chips patterned with conjugate 6, using
the horizontal submersion method. Raw images of three ROIs and their associated FFT
signals are depicted for each time point, using S/N and S/B values as quantitative
metrics; averages are shown at far right.

1
1
0.1
0.1
0.1

Staph aureus (FhuD2) (FOx+)c

MRSA (FhuD2) (FOx+)c

Acinetobacter baumannii (FhuE)

Acinetobacter baumannii (FhuE)
(FOx+)c

Salmonella enterica (FoxA, FhuE)

17.0

‐‐ b

12.9

22.4

17.6

11.5

‐‐ b

10.5

21.1

13.2

14.6

‐‐ b

‐‐ b
18.9

5.7

6.6

10.3

5.7

‐‐ b

NDa

NDa
‐‐ b

6.5

15.8

20.6

NDa

NDa
8.2

‐‐ b

9.6

‐‐ b

10.4

Exposure time (min)
15
5
2
0.5

Conjugate 5

11.0

28.3

‐‐ b

14.2

37.2

‐‐ b

19.3

33.6

15

8.2

22.1

‐‐ b

NDa

11.6

‐‐ b

12.4

15.3

5

5.7

11.9

‐‐ b

11.5

20.4

‐‐ b

9.2

11.2

4.2

11.8

‐‐ b

10.5

12.0

‐‐ b

19.7

6.9

0.3

10.2

‐‐ b

0.1

0.4

‐‐ b

‐‐ b

0.4

Exposure time (min)
2
0.5
0.5 (dFOx 5)e

Conjugate 6

1.0

0.7

‐‐ b

0.4

1.0

‐‐b

‐‐ b

0.6

0.5 (dFOx 20)e

a

ND indicates no detection was achieved. b -- indicates experiment was not attempted. c Entries annotated with (FOx+) indicate
bacteria were pre-selected for FOx recognition. d [bipy] represents the concentration of 2,2-bipyridine used to create iron-deficient
conditions. e Competitive inhibition using chips pre-incubated with 250 µM dFOx for 5 min (dFOx 5) or 20 min (dFOx 20), prior to
bacterial exposure.

1

0.05

Yersinia enterocolitica @ 4 °C

Staph aureus (FhuD2)

3

[bipy],
mMd

Yersinia enterocolitica (FoxA)

Strains (receptors)

Table 3.2: Summary of time-to-detection experiments utilizing the horizontal submersion method, with mean S/N values from three
independent FFT analyses
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1
1
0.1
0.1
0.1

Staph aureus (FhuD2) (FOx+)c

MRSA (FhuD2) (FOx+)c

Acinetobacter baumannii (FhuE)

Acinetobacter baumannii (FhuE)
(FOx+)c

Salmonella enterica (FoxA, FhuE)

See previous table for footnotes.

1

0.05

Yersinia enterocolitica @ 4 °C

Staph aureus (FhuD2)

3

[bipy]
mMd

Yersinia enterocolitica (FoxA)

Strains (receptors)

10.1

‐‐b

8.9

14.1

11.7

5.9

‐‐b

6.0

9.5

7.8

8.4

‐‐b

‐‐b
10.7

3.2

4.3

6.8

3.4

‐‐b

NDa

NDa
‐‐b

3.1

8.9

11.0

NDa

NDa
5.2

‐‐b

4.5

‐‐b

4.9

Exposure time (min)
15
5
2
0.5

Conjugate 5

5.1

10.1

‐‐b

5.6

18.7

‐‐b

7.5

17.4

15

4.9

11.6

‐‐b

NDa

8.2

‐‐b

7.0

9.2

5

3.1

6.6

‐‐b

6.2

10.9

‐‐b

6.3

6.4

2.7

6.7

‐‐b

6.1

7.5

‐‐b

10.3

4.0

1.2

6.1

‐‐b

1.1

1.4

‐‐b

‐‐b

1.7

Exposure time (min)
2
0.5
0.5 (dFOx 5)e

Conjugate 6

1.5

1.3

‐‐b

1.2

1.5

‐‐b

‐‐b

1.2

0.5 (dFOx 20)e

Table 3.3: Summary of time-to-detection experiments utilizing the horizontal submersion method, with mean S/B values from three
independent FFT analyses
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At least two observations are worthy of further discussion. First, Yersinia
enterocolitica and Salmonella enterica can be detected within 30 seconds when
cultured under iron-deficient conditions, but without preselection using FOx as a
source of iron, unlike the other three strains. This may be attributed to high levels of
constitutive expression of FoxA by Yersinia and Salmonella, a faster rate of binding
for FoxA relative to other FOx receptors, or both. Second, studies with Yersinia
produced stronger detection signals at 30 seconds when cultured at 4 °C with 0.05 mM
bipy, rather than at 37 °C with 3 mM bipy, although the converse was true for signals
generated at 5 or 15 minutes. This suggests how differences in culture conditions
might influence the expression level or presentation of FoxA by Yersinia or other
bacteria.
Several charts were constructed from the data presented in Tables 3.2 and 3.3,
in order to clarify overall trends and comparisons between different methods of
sampling, with separate analyses based on S/N values (Figures 3.7, 3.8) and S/B
values (Figures 3.9, 3.10).
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Figure 3.7: S/N ratios as a function of exposure time, using chips patterned with 5
subjected to the horizontal submersion method.
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Figure 3.8: S/N ratios as a function of exposure time, using chips patterned with 6
subjected to the horizontal submersion method.
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Figure 3.9: S/B ratios as a function of exposure time, using chips patterned with 5
subjected to the horizontal submersion method.
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Figure 3.10: S/B ratios as a function of exposure time, using chips patterned with 6
subjected to the horizontal submersion method.

77
The data was also charted based on each individual strain for analysis of
trends. Figures 3.11–3.15 represent all experiments for detection of Y. enterocolitica,
S. enterica, A. baumannii, S. aureus and MRSA, respectively.
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Figure 3.11: S/N ratios as a function of exposure time to Y. enterocolitica, for all
conditions tested using the horizontal submersion method.
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Figure 3.12: S/N ratios as a function of exposure time to S. enterica, for all conditions
tested using the horizontal submersion method.
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Figure 3.13: S/N ratios as a function of exposure time to A. baumannii, for all
conditions tested using the horizontal submersion method.
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Figure 3.14: S/N ratios as a function of exposure time to S. aureus, for all conditions
tested using the horizontal submersion method.

25
20
15

Conj. 5 (FOx selected)

S/N

Conj. 6 (FOx selected)

10
5
0
0

5

10

15

Exposure Time (min)

Figure 3.15: S/N ratios as a function of exposure time to MRSA, for all conditions
tested using the horizontal submersion method.

Y. enterocolitica shows similar levels of detection in the ultra-rapid domain for
both conjugates. However, with increasing exposure time, 6 provides the expected
increase in S/N while 5 does not. Detection of Y. enterocolitica cultured at 4 °C
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provides the best S/N at 30 seconds, and shows promise for the rapid detection of
foodborne pathogens at refrigerator temperatures (see below). S. enterica shows the
greatest consistency between experiments with 5 and 6; while the shorter linker
correlated with higher S/N, both ligands supported similar increases in signal intensity
over time. A. baumannii also shows a similar trend, although tests with 6 were
performed using strains optimized for FOx acquisition. For S. aureus, preselection
was critical for ultra-rapid capture by FOx conjugates, with 6 having better overall
activity; interestingly however, MRSA produced the opposite trend.

3.6 Detection of Y. enterocolitica cultured at 4 °C
The horizontal submersion method clearly enhances the capabilities of our
pathogen detection system. Previously, the model microorganism Y. enterocolitica
had been cultured at 37 °C, a standard practice that ensures maximum growth rates
and viability in iron-deficient conditions. However, the risk of virulent Yersinia in
food is more germane at refrigeration temperatures, as competition from other nonpsychrotrophic microorganisms is minimal.3, 10 In addition, it has been shown that Y.
enterocolitica can persist at low levels even after being sublethally damaged by
heating. Cells lie dormant at room temperature or above, but can regain viability and
proliferate to harmful levels at refrigerator temperatures.9 We thus attempted to detect
Y. enterocolitica cultured under low-temperature conditions.
Y. enterocolitica could be cultured successfully at 4 °C for 48 hours under
modestly iron-challenged conditions, using a bipy concentration of 0.05 mM (OD600
0.25, corresponding to 2.5 × 108 cfu/mL). These cultures were less dense than
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Yersinia cultured at 37 °C (OD600 0.5–0.9), but sufficient to meet our needs. Bacterial
suspensions were concentrated to 109 cfu/mL (OD600 1.0), then diluted to 107 cfu/mL
and left standing at 23 °C prior to exposure using chips patterned with conjugate 6 and
the horizontal submersion method, as described in Section 3.4. Gratifyingly, detection
was achieved at all tested time points, down to 30 seconds (Figure 3.8 and Table 3.2).
Most notably, the S/N ratio at the 30-second time point was higher than those obtained
after 2- and 5-minute exposures.

3.7 Conclusions
Building on previous work, we were able to detect five strains of bacteria with
different FOx receptors in the ultra-rapid domain, using microarrays of FOx
conjugates. Synthesis and careful purification of 5 and 6 as well as transitioning to
horizontal submersion method were crucial factors in reaching this milestone. From
the data collected several conclusions can be drawn. First, while a chemical linker is
known to be necessary for detection, linker length is not a critical factor. This is
evidenced by the fact that all five strains were detected within 30 seconds independent
of the conjugate used, although evidence suggests in the case of S. enterica that
detection was enhanced across all time points using 5. Conjugate 6, on the other hand,
provided better overall response of exposure time versus S/N and S/B data in all cases,
other than the already mentioned case of S. enterica. This may imply the linker length
in 6 is better optimized for screening against a wide variety of strains and associated
FOx binding receptors.
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Another key finding was that the level of expression and/or presentation of
FOx receptors by various bacterial strains can be environmentally dependent,
influencing sensitivity or speed of detection. S. aureus and MRSA (expressing
FhuD2) and A. baumannii (expressing FhuE) could not be detected in less than 5
minutes if cultured under iron-deficient conditions. However, by optimizing FOx
receptor presentation by the use of FOx-enriched media during growth, all three
strains could be detected in 30 seconds. In contrast, FoxA-expressing strains such as
S. enterica and Y. enterocolitica appear to have constitutively high levels of receptor
expression, as both species could be detected in 30 seconds if cultured under irondeficient conditions. Our detection system is thus especially sensitive toward these
two bacteria, and has promise as a rapid screening technique for discriminating FOx
binding species based on their receptors.
Lastly, Y. enterocolitica cultured at 4 °C can also be detected in 30 seconds
using FOx microarrays, and at higher S/N levels relative to samples cultured at 37 °C.
This has great practical significance, as Y. enterocolitica is known to thrive inside
refrigerators (4 °C). Our system thus holds promise as a label-free sensor of
pathogens lurking in refrigerated foods.

3.8 Materials and Methods
General Procedures. HPLC purification was performed using a Waters 600 controller
and waters 2487 dual absorbance detector equipped with Phenomenex reverse phase
column 250 x 21 mm. Water was obtained from Millipore Milli-Q Academic
purification system equipped with 0.22 µm Millipak filter. Mass spectra were
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obtained using a Waters MicromassZQ system. NMR spectra were collected using
Varian Inova 300 instrument. UV-vis spectra were obtained using a Varian Cary 50
spectrometer. Infrared (IR) spectra were collected using a Thermo Nexus 670
spectrometer.

Materials. Starting materials were ordered from commercial suppliers and used as
received. Deferoxamine (dFO) mesylate, 2,2’-(ethylenedioxy)bis(ethylamine),
carbon disulfide, di-tert-butyl dicarbonate, and Tween 20 were purchased from SigmaAldrich. Epoxy-activated glass slides (Nexterion E) were obtained from Schott.
Bovine serum albumin (BSA) was purchased from Jackson Immuno Research. LuriaBertani broth (LB), nutrient broth (NB), and tryptic soy broth (TS) were obtained as
dehydrated powders from Becton-Dickinson. 2,2’-Bipyridyl (bipy) was purchased
from Fluka. Iron(III) chloride was obtained from Fisher Scientific. Phosphate
buffered saline (1X PBS; Mg- and Ca-free) was purchased from Corning. Yersinia
enterocolitica (ATCC 51871), Staphylococcus aureus (ATCC 10537), Salmonella
enterica (35664), Escherichia coli Nissel (ATCC 25922), MRSA (ATCC BAA-1720),
Pseduomonas aeruginosa (ATCC 47085), Klebsiella pneumoniae (27736) and
Acinetobacter baumannii (ATCC 19606) were obtained from American Type Culture
Collection (ATCC).

Synthesis. Lyophilized conjugate 3a from freezer stock (5 mg) was dissolved in 100
µL of 0.1 M Na2CO3 buffer (pH 11) and allowed to sit at room temperature for 1–2
days. In situ hydrolysis of the ITC to a primary amine was monitored by ESI mass
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spectrometry, using the intensity ratio of molecular ion (m/z) peaks generated by the
ITC and amine. When the apparent ratio stopped increasing, the solution was diluted
with deionized water to 1 mL, with a final pH of 10. Reverse-phase HPLC (25–90%
acetonitrile in water) yielded the desired amine 5 in pure form (3.5 mg; 70% yield).
HPLC chromatogram and mass spectra of 5 are shown in Figure 3.1; the UV-vis
spectrum is shown below (Figure 3.16).
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Figure 3.16: UV-vis spectrum of FOx conjugate 5 (in water).

Conjugate 6 was synthesized by dissolving ITC conjugate 3a (5 mg, 1.0
equiv), 2,2’-(ethylenedioxy)bis(ethylamine) (3.3 µL, 1.1 equiv), and distilled
triethylamine (15 µL, 10 equiv) in DMSO (800 µL). The solution was stirred at room
temperature for 12 hours. Product formation and disappearance of 3a was confirmed
by ESI mass spectrometry. The reaction mixture was passed through a 0.2-µm
membrane filter, then directly injected onto the reverse-phase HPLC system (Figure
3.2). Amine 6 exhibited a strong absorbance at 430 nm (Figure 3.17).
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Figure 3.17: UV-vis spectrum of FOx conjugate 6 (in water)
.

Microbiological culture conditions (standard). All strains were grown by thawing
crystals from previously frozen stocks (1 mL), diluting them in species-appropriate
broth (final volume 10 mL), and incubating the mixture at 37 °C for 16 hours with
orbital shaking at 220 rpm. Each strain was cultured in standard media for at least
three generations; growth was monitored by using a Genesys 20 spectro-photometer to
measure optical density at 600 nm (OD600). When a late stage of the log growth phase
was reached (OD600 ~1.0), a 0.1-mL aliquot was used to inoculate 10 mL of fresh
media to initiate the next generation.
Growth in iron-deficient media (0.05–3 mM bipy) was performed only after 3
generations of normal media growth and suspensions were handled with acid-washed
materials to reduce contamination by residual iron. When a high growth density
(OD600 ~1.0) was achieved, planktonic bacteria cultures were pelleted by
centrifugation and redispersed in Mg- and Ca-free PBS buffer followed by three
cycles of centrifugation and redispersion in the same buffer. Tenfold serial dilutions
in the same buffer were performed to yield suspensions at concentrations ranging from
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107 to 102 cfu/mL. For competitive inhibition studies, 0.25 mM dFOx was added to
planktonic bacteria at 107 cfu/mL for 5 or 20 minutes, prior to chip exposure.

Optimization of FOx receptor expression. S. aureus, MRSA and A. baumannii were
first cultured under standard conditions as described above, for one generation. The
second generation was cultured in the same broth containing 2,2’-bipyridyl (1 mM
[bipy] for S. aureus and MRSA; 0.1 mM [bipy] for A. baumannii) and supplemental
FOx (50 µM for S. aureus and MRSA; 20 µM for A. baumannii), both added prior to
autoclaving. The addition of FOx caused the broth to appear bright pink/orange in
contrast to its usual pale yellow or salmon color (with bipy added). Subsequent
growth cultures were cycled two more times between standard and FOx-supplemented
media, then grown again in normal media for a total of seven generations. These were
used to inoculate growth cultures in iron-deficient media containing bipy without
supplemental FOx for chip-based bacteria detection.

Optical imaging. Bacteria immobilized on periodic conjugate microarrays were
imaged under darkfield conditions using an Olympus BX60 with a white light source.
Post completion of chip preparation images were acquired as references for
background intensities; negative control samples patterned with FOx conjugates but
treated with PBS buffer alone were also included. Two-dimensional FFT was
performed on all images; linescans of the reciprocal lattices in the kx direction yield
spectra enabling quantitative peak analysis of the principal harmonic (k = 1/a).
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Microarray printing and blocking (chip preparation). Inkjet printing was
performed on 1.25-cm2 epoxysilane-activated glass substrates (Nexterion E) using a
Fujifilm Diamatix Materials Printer (DMP 2800). FOx conjugates 5 or 6 (3 mg) were
dissolved in 1 mL of 10 mM Na2CO3 buffer (pH 10) containing 0.005% Tween 20
(v/v), and filtered through 0.22-µm membrane filters (PTFE Acrodisc). These
mixtures were loaded into compatible cartridges (10 pL drop size) by using a 1 mL
disposable syringe and provided flat tipped needle. Square dot-matrix arrays were
printed on glass chips using bitmap patterns loaded into the DMP software, with spot
sizes and periodicities of approximately 15 and 40 µm, respectively; droplets were
jetted using a customized waveform. Once printed, chips were moved immediately
into chambers with 75% relative humidity and left at room temperature for at least 12
hours.
Chips were transferred to a petri dish and submerged in PBS containing 0.25%
Tween 20, placed on a rotary shaker at 40 rpm for 15 minutes, followed by two rounds
of submerged shaking in water before blocking chips with 0.1% BSA in PBS at room
temperature for 1 hour. Chips were rinsed twice again in water, then dried on both
sides with a gentle stream of nitrogen. The passivated chips could be stored in a
desiccator under a dry, inert atmosphere for up to 30 days (quality control tests beyond
this time window were not performed).

Handling of chips during detection experiments. For both drop-on-chip and
horizontal submersion methods, chips were labeled on the printed face in one corner,
which also served as the contact surface with forceps during transfers between petri
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dishes and vials. In the horizontal submersion method, exposure times were
established by rapidly decanting bacterial suspensions from vials; in the drop-on-chip
method, exposure times were established by lifting or tilting chips at one end, forcing
most of the bacterial suspension to run off into the petri dish. Chips were then gripped
by one corner using forceps, and subjected to backside rinsing with patterned side
facing down. This was repeated once more before the chip was dried with a stream of
nitrogen and laid patterned side up in a clean petri dish.
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ABSTRACT: Methods for live pathogen analysis often seek to
reduce the limits of detection as a function of time or
concentration. In either case, the method of sampling can be vital
for establishing practical limits, particularly if a virulence
mechanism is involved. Here we show that detection methods
based on bacterial receptor–ligand recognition are highly
dependent on the method of exposure, using ferrioxamine (FOx)
microarrays as the substrate and a label-free imaging method for
quantitative analysis. When extrinsic factors are accounted for,
pathogen adhesion to patterned substrates can take place in 30
seconds, the practical lower limit of this study.
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INTRODUCTION
Time is a critical factor in the detection of actively
virulent pathogens like S. enterica, the single largest cause of
bacterial foodborne illness in the United States;1-2
Y.
enterocolitica, which thrives at refrigerator temperatures;3-11 and
drug resistant ESKAPE bacteria such as A. baumannii and S.
aureus.12 Early detection affords the opportunity to respond to
these threats in a timely and targeted fashion,13-14 reducing the
overreliance on blanket remedies such as broad-spectrum
antibiotics, which only serve to exacerbate the issues of poor
patient outcomes15-16 and the creation of multidrug-resistant
strains.17 However, standard methods of detection using bacterial
culture are plagued by slow turnaround time. Other methods
using polymerase chain reaction or antibody based detection also
have pitfalls including potential contamination and vulnerability
to nonfunctional mutations respectively. The use of siderophores
such as FOx provides a valuable entry point for the development
of new rapid pathogen detection methods.18-20
Siderophores are a class of small molecules that bacteria
utilize for acquisition of iron, an element critical to numerous
cellular and subcellular processes.21-24 Siderophores are generally
low molecular-weight species (mw 400–1000), chelate ferric ions
(Fe3+) via hexadentate coordination with formation constants
ranging from 1012–1052, and are highly soluble in water.25-27

Bacteria often secrete siderophores in response to environmentally
low levels of iron.28 Upon chelation of iron, siderophores are
recovered by parent bacteria via cognate receptors presented on
their outer membranes.29
Deferoxamine B (commercially
available as deferrioxamine mesylate), the cognate siderophore of
30
Streptomyces pilosus,
offers perhaps the best combination of
biological activity and accessibility. It also has a free primary
amine for ready modification, using standard bioconjugate
chemistry methods, and the molecule itself is stable in a variety of
chemical environments.
Ferrioxamine, the iron chelated form of Deferoxamine
B (dFOx), offers much promise as a low-molecular weight ligand
for pathogen detection. As with all siderophores, chelation with
iron is achieved readily by simple exposure to solutions
containing Fe3+ ions. Several receptors for FOx have been
identified and some well-studied such as (i) FoxA, which is used
by Yersinia enterocolitica31-32 and also by Salmonella enterica;33
(ii) FhuE, which is expressed by A. baumannii34 and several
strains of Escherichia coli; and (iii) FhuD1/2, whose isoforms are
found primarily in Staphylococcus aureus but also in certain
bacilli.35-36 These receptors as well as FOx itself contribute
directly to the pathogenicity of the parent bacteria and are
considered to be virulence factors.31, 34, 37-42 For this reason, as
long as these bacteria remain pathogenic they must also bind FOx
making it an immutable ligand for detection.
The idea of exploiting bacteria’s affinity for
siderophores has been around for some time.43.44 We and others
have used siderophores as ligands for detecting pathogenic
bacteria.19, 45-47 The use of immutable ligands for detecting
pathogenic bacteria offers several fundamental benefits, not the
least being their low vulnerability to nonfunctional mutations. In
previous studies, time points for detection were held constant at
30 or 60 minutes in some cases.46 In this study, we systematically
studied bacterial detection as a function of exposure time to
determine the time to detection (TTD) for each strain. In
particular, we considered the rates of binding between FOx and
specific bacterial receptors, to better understand the molecular
aspects of siderophore-mediated bacterial adhesion in our
detection platform. We found that detection can be easily
achieved within 30 seconds and that the method of sample
preparation is crucial for enabling this ultra-rapid detection.
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EXPERIMENTAL SECTION
Bacteria were cultured (37 °C, 220 rpm shaking) from
previously frozen (–80 °C) stocks; subsequent generations were
inoculated as 1% (v/v) solutions (10 mL) using active strains. Y.
enterocolitica, was the singular exception as it was found this
strain could also be cultured at 4 °C for 48 hours under modestly
iron-challenged conditions. These cultures were less dense than
Yersinia cultured at 37 °C (OD600 0.5–0.9), but sufficient to meet
our needs. For S. aureus, MRSA and A. baumannii strains had
been previously subjected to a selective culturing technique for
expression of FOx receptors (FOx selected). Strains were grown
out for a minimum of three generations prior to inoculation in iron
restricted media treated with 2,2’-bipyridyl (bipy). Strains were
cultured individually in broth with variable bipy concentrations
ranging from 0.05–3 mM, to determine the highest restriction of
iron while still permitting steady growth (Table SI). This was
done to achieve maximal expression of FOx-binding receptors.
Cultures were monitored for changes in optical density at 600 nm
(OD600). At the end of their log growth phase, bacteria were
centrifuged to pellets and thrice rinsed and resuspended with
phosphate buffered saline (PBS). Finally, bacterial suspensions
were diluted with PBS to desired concentration and exposed to
chips for pathogen detection experiments.
Patterning of periodic arrays onto activated glass slides
(Nexterion H) for production of chips used in detection
experiments was performed using a standardized method. FOx
conjugates (synthesis described in SI) were dissolved at 3 mg/mL
in 10 mM Na2CO3 buffer containing 0.005% Tween-20 (v/v) to
formulate inks. Inks were loaded into cartridges (10 pL nozzles)
for piezoelectric deposition using a Dimatix materials printer
(DMP-2800). Droplets were deposited onto 1.25-cm2 activated
substrates and incubated overnight in a 75% relative humidity
chamber to allow complete bonding of the printed conjugate to
the epoxy-coated substrate. After curing, substrates are washed
and blocked against nonspecific binding using bovine serum
albumin (0.1% w/v). Chips were used immediately or stored
under argon for later use.

detection experiment. Chips were then gripped by forceps on a
predesignated corner and lowered vertically into the vial, edgefirst, with minimum mechanical disturbance. The submerged chip
was then released and allowed to rest horizontally on the vial floor
with patterned side facing up. For both methods, following
exposure, chips were rinsed with water and dried under a stream
of nitrogen.
Bacterial adhesion onto patterned chips could be imaged
in a label-free manner using optical darkfield microscopy, based
on the light scattering from the bacteria themselves.19 Chips
without exposure to bacteria should appear essentially blank when
viewed under darkfield conditions, whereas those exposed to
bacteria expressing FOx receptors should support a periodic
pattern commensurate with concentration. Darkfield images can
be analyzed by fast Fourier Transform (FFT) to convert periodic
signals into reciprocal lattice peaks allowing signals to be
compared quantitatively against noise or local background
intensities. A 2D-FFT algorithm was applied using WSxM
software,48 followed by a linescan along the x-direction to
produce a one-dimensional Fourier spectrum. Background (B)
intensities were estimated after applying a logarithmic weighting
function to suppress low-frequency (1/f) noise. Signal (S) to noise
(N) ratios were calculated using equation S/N = (S-B) / σB.

RESULTS AND DISCUSSION
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Figure 2. FOx conjugates used in detection studies

Figure 1. Methods for exposure of chips to bacterial suspension during
time to detection experiments

Chip exposure to bacteria was performed using one of
two described methods (Figure 1). In drop-on-chip method
(DoCM) bacterial suspension (0.2 – 0.4 mL) was pipetted directly
onto the patterned face of the chip. In horizontal submersion
method (HSM) bacterial suspension was placed into a 3-dram vial
with a final volume of 3–4 mL and left standing without further
disturbance for a minimum of 20 minutes, prior to the pathogen

Chips patterned with FOx conjugate 1 (Figure 2)
performed well in detection studies. Chips patterned were shown
to be capable of detecting Y. enterocolitica at a concentration of
102 cfu/mL given one hour TTD using drop on chip method
(Figure S2 and S3). Propidium iodide staining of these chips
confirmed the presence of bacterial cells bound to the printed
periodic array (Figure S4). Negative control studies successfully
showed lack of binding due to competitive inhibition of FOx
binding receptors, lack of binding with a bacterium not expressing
FOx receptors (E. coli Nissel 1917) and lack of binding when
treated with only buffer used in suspending bacteria during
exposure. These results support the hypothesis that sensitive
detection of pathogenic bacteria expressing FOx receptors is a
receptor mediated event. Further control studies showed lack of
binding when FOx alone (not conjugated to a linker) was used to
pattern chips. This indicates that not only is binding receptor
mediated but presentation of the ligand is important. Conjugate 2
(Figure 2) was synthesized to determine if linker length would
impact detection.
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As TTD is a critical factor in positive patient outcomes
experiments were performed to determine if detection was
possible with 15 or even 5 minute exposure times for five FOx
binding pathogens (Y. enterocolitica, S. enterica, A. baumannii, S.
aureus and MRSA), with both 1 (Figure 3) and 2 (Figure 4)
patterned chips, using DoCM. As achieving the fastest possible
TTD was the primary goal bacterial concentrations of 107 cfu/mL
was used for these experiments.

dFOx 5 minutes prior to testing) were included for each strain as
negative controls. For a given pair of conjugate and bacterial
strain, chips were employed at each time point and imaged by
darkfield optical microscopy at three different regions of interest
(ROI). Each image was independently processed by FFT

Figure 3. Representative raw images and FFT analysis (where
appropriate) from experiments using DoCM with chips patterned with 1.
Appropriate controls appear essentially blank

Figure 4. Representative raw images and FFT analysis (where
appropriate) from experiments using DoCM with chips patterned with 2.
Appropriate controls appear essentially blank.

Use of the DoCM provided good results during limit of
detection studies when all data points were collected at 30
minutes (data not shown), but was less than optimal when data
points were collected at 15 minutes or less (Figures 3 and Figure
4). This suggests that planktonic bacteria needed 15–30 minutes
to resume their fully active state following pipet transfer. We
postulated that the motion associated with pipetting bacterial
suspensions onto chips was enough to activate a self-protective
response in planktonic cells that suppresses surface adhesion, as
shear forces are known to do.49-50 These types of disturbances
should be avoided to keep bacteria primed for adhesion.51-53 HSM
(Figure 1) was designed specifically for this purpose.
Experiments using HSM were performed with exposure times of
15, 5, 2 minutes and 30 seconds to further probe TTD for all five
bacterial strains. Chips treated with PBS as well as a competitive
inhibition during 30 second exposure (suspensions treated with

Figure 5. Detection of Y. enterocolitica using chips patterned with
conjugate 2, using the HSM. Raw images of three ROIs and their
associated FFT signals are depicted for each time point, using S/N and S/B
values as quantitative metrics; averages are shown at far right.

analysis to determine both S/N and S/B. These values were then
averaged to give a value representative of the entire chip as minor
variability was known to exist. Figure 5 shows an example of this
process for detection of Y. enterocolitica using chips patterned
with 2. The same process was repeated for each strain and
conjugate combination. Figure 6 and Figure 7 show a summary
of all results.
Overall these experiments proved to be successful as
detection (S/N > 3) was achieved in nearly every condition tested.
Furthermore, control experiments involving competitive
inhibition with excess free ligand confirmed the specificity of
bacterial adhesion to be mediated by FOx–receptor interactions.
For these experiments, separate bacterial suspensions were first
treated with 250 µM dFOx, 5 or 20 minutes prior to chip
exposure, with the hypothesis that excess dFOx would saturate
bacterial receptors and reduce binding to tethered conjugates. In
all cases except one, chips exposed to
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Figure 6. S/N ratios as a function of exposure time, using chips patterned
with 1 subjected to the horizontal submersion method.
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At least two observations are worthy of further discussion. First,
Yersinia enterocolitica and Salmonella enterica can be detected
within 30 seconds when cultured under iron-deficient conditions,
but without preselection using FOx as a source of iron, unlike the
other three strains. This may be attributed to high levels of
constitutive expression of FoxA by Yersinia and Salmonella, a
faster rate of binding for FoxA relative to other FOx receptors, or
both. Second, studies with Yersinia produced stronger detection
signals at 30 seconds when cultured at 4 °C with 0.05 mM bipy,
rather than at 37 °C with 3 mM bipy, although the converse was
true for signals generated at 5 or 15 minutes. This suggests how
differences in culture conditions might influence the expression
level or presentation of FoxA by Yersinia or other bacteria.

Y. enterocolitica
4°C

30
25
S/N

without FOx selection pressure. However, we have found that
selective feeding is important to lower the TTD, to ensure that
receptors of interest were being expressed. In contrast, neither Y.
enterocolitica (37 °C or 4 °C) nor S. enterica were subject to any
type of selection; both were grown in standard LB broth prior to
inoculation of iron-deficient media, prior to TTD experiments.
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Figure 7. S/N ratios as a function of exposure time, using chips patterned
with 2 subjected to the horizontal submersion method.

dFOx-treated bacteria did not demonstrate detection within 30
seconds. In the singular case of A. baumannii, pre-incubation with
dFOx for 5 minutes was not sufficient to suppress pathogen
adhesion, however inhibition was achieved with 20 minutes of
pre-incubation.
Previously, the model microorganism Y. enterocolitica
had been cultured at 37 °C, a standard practice that ensures
maximum growth rates and viability in iron-deficient conditions.
However, the risk of virulent Yersinia in food is more germane at
refrigeration temperatures, as competition from other nonpsychrotrophic microorganisms is minimal.3, 10 In addition, it has
been shown that Y. enterocolitica can persist at low levels even
after being sublethally damaged by heating. Cells lie dormant at
room temperature or above, but can regain viability and
proliferate to harmful levels at refrigerator temperatures.9 We
thus attempted to detect Y. enterocolitica cultured under lowtemperature conditions.
In the cases of S. aureus and MRSA, we applied an
additional culturing technique prior to performing TTD
experiments. These strains were selected over several generations
utilizing FOx as a source of iron. This was achieved by cycling
growth media between stock TS broth and TS broth dosed with
both bipy (1 mM) and FOx (50 µM) several times. FOx-selected
cultures were then cultured in a standard iron-deficient media (TS
with 1 mM bipy) for use in TTD experiments. This method of
selection was also employed for A. baumannii, but only for the
TTD experiment performed using 2. Detection of S. aureus,
MRSA and A. baumannii within 15 minutes is still possible

CONCLUSION
With all parameters optimized, accounting for extrinsic
factors, patterned chips were able to detect five pathogenic
bacterial strains within 30 seconds of exposure to bacteria. This
was achieved by targeting FOx receptors with conjugates
designed to present ligand FOx in an optimal fashion. A critical
factor in detection of pathogenic bacteria, TTD, was improved
significantly by using HSM rather than DoCM indicating
exposure method directly impacts rate of binding. Finally
detection of Y. enterocolitica cultured at 4°C was successful at all
tested time points showing promise for detection of pathogens
lurking at refrigerator temperatures.
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Optimized culture of bacteria under iron restricted conditions. As standard practice, strains were
grown out for a minimum of three generations prior to inoculation in bipy-treated media. These cultures
were handled exclusively with acid-washed materials to eliminate the possibility of iron contamination.
For optimization, strains were cultured in broth with variable bipy concentrations ranging from 0.05–3
mM, to determine the highest restriction of iron while still permitting steady growth. For many strains,
a clear concentration threshold could be determined above which bacteria did not proliferate. Other
strains could proliferate at even the highest bipy concentrations; in these cases, optimal conditions were
determined by consistency of culture growth and/or by the quality of the detection experiments.
Optimized bipy levels for each strain are shown in table S1.
Table S1. List of bacterial strains optimized for growth under iron-restricted conditions
Bacterial strain

Broth

Max. [bipy], in mM

Y. enterocolitica

Luria-Bertani

3

Y. enterocolitica (4 °C)

Luria-Bertani

0.05

S. aureus

Tryptic Soy

1

MRSA

Tryptic Soy

1

P. aeruginosa

Luria-Bertani

0.3

S. enterica

Luria-Bertani

0.1

A. baumannii

Nutrient Broth

0.1

K. pneumoniae

Nutrient Broth

0.1

Synthesis of FOx conjugates for patterning of chips. Synthesis of 2,2’(ethylenedioxy)bis(ethylisothiocyanate). To a solution of 2,2’-(ethylenedioxy)bis(ethylamine) (322 µL
in 5 mL dry methanol) was added triethylamine (612 µL) and carbon disulfide (400 µL). The reaction
was stirred at room temperature and monitored for changes in optical extinction using Cary 50 UV-vis
spectrometer. Formation of the bis-dithiocarbamate (DTC) intermediate was observed at 5 minutes; the
reaction was deemed complete at 15 minutes. The reaction vessel was cooled to 0 °C in an ice bath.
Di-tert-butyl dicarbonate (1.19 g in 1.25 mL dry methanol) was added to the reaction mixture, followed
by 4-dimethylaminopyridine (DMAP; 8.1 mg in 1mL dry methanol), and the reaction was warmed to
room temperature. UV spectroscopy showed reduction in DTC absorption at 255 and 290 nm within 5
minutes at room temperature, and emergence of an absorption band at 225 nm corresponding to the
isothiocyanate. The reaction mixture was stirred for 1 hour, then concentrated by rotary evaporation to
a clear yellow oil (418 mg, 82% yield). ITC formation was confirmed by 13C NMR. Bis-ITC was used
without further purification.
Synthesis of FOx-ITC conjugate. A solution of iron(III) chloride (4.9 mg in 1 mL DMSO) was treated
with 18.5 mg of dFOx to form the corresponding iron chelate (FOx). The dark red reaction was mixed
for 10 min at room temperature until a homogeneous solution was obtained, then treated with dry
triethylamine (15 µL) and 2,2’-(ethylenedioxy)bis(ethylisothiocyanate) (14 µL) and allowed to stir for
p. S2
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at least 12 hours. Product formation and the disappearance of FOx were monitored by ESI mass
spectrometry. Purification was performed by HPLC (Waters) using a C18 reverse-phase column
(Phenomenex 250 x 21 mm) with a gradient of 25–75% acetonitrile in water, at a constant flow rate 10
mL/min. Fractions containing the desired conjugate were concentrated first by rotary evaporation (to
remove acetonitrile), followed by lyophilization. The conjugates were obtained as orange powders, with
isolated yields on the order of 60%.
Synthesis of conjugate 1. Lyophilized FOx-ITC conjugate from freezer stock (5 mg) was dissolved in
100 µL of 0.1 M Na2CO3 buffer (pH 11) and allowed to sit at room temperature for 1–2 days. In situ
hydrolysis of the ITC to a primary amine was monitored by ESI mass spectrometry, using the intensity
ratio of molecular ion (m/z) peaks generated by the ITC and amine. When the apparent ratio stopped
increasing, the solution was diluted with deionized water to 1 mL, with a final pH of 10. Reverse-phase
HPLC (25–90% acetonitrile in water) yielded the desired amine 1 in pure form (3.5 mg; 70% yield).
Synthesis of conjugate 2. Lyophilized FOx-ITC (5 mg, 1.0 equiv), 2,2’-(ethylenedioxy)bis(ethylamine)
(3.3 µL, 1.1 equiv), and distilled triethylamine (15 µL, 10 equiv) were dissolved in DMSO (800 µL).
The solution was stirred at room temperature for 12 hours. Product formation and disappearance of
starting material was confirmed by ESI mass spectrometry. The reaction mixture was passed through a
0.2-µm membrane filter, then directly injected onto the reverse-phase HPLC system. Amine 2 exhibited
a strong absorbance at 430 nm
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Figure S1. Synthesis of FOx conjugates 1 and 2
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Limit of detection studies with Y. enterocolitica using DoCM . To determine the limit of detection
(LOD) for Y. enterocolitica, five chips were exposed to bacterial suspensions at concentrations between
106 and 102 cfu/mL. A negative control chip was exposed to PBS buffer and also carried through all
parts of the experiment. Chip exposure time was 1 hour using the drop-on-chip method. Chips were
imaged under darkfield conditions (Figure S2), then subjected to FFT analysis for an objective
determination of positive capture (Figure S3). In some cases, bacteria-treated chips were treated with
propidium iodide (PI) to confirm that optical scattering was primarily due to immobilized Y.
enterocolitica. Chips were first sterilized with UV light irradiation (254 nm) for four hours, then
exposed to 3 µg/mL PI in a pH 7 sodium chloride/sodium citrate buffer for 10 minutes before rinsing
with water, drying with compressed air, and imaging with a fluorescence microscope (Figure S4). PI
staining confirmed that the patterns visualized by darkfield imaging were in fact due to scattering from
immobilized bacteria. This was reinforced by images taken with the 100X objective, showing
individual stained cells clustered on printed spots. We can thus conclude that the LOD for Y.
enterocolitica is 102 cfu/mL, given an exposure time of one hour.

Figure S2. Darkfield images depicting chips from LOD study with Y. enterocolitica. (A) post print, (B)
post block, (C) after exposure to PBS only, and (D–H) after exposure to bacteria at concentrations of
106 – 102 cfu/mL respectively.

Figure S3. FFT signals from darkfield images of LOD experiment, with associated S/N and S/B values.
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Figure S4. Fluorescence images of all chips used in LOD experiment, after treatment with PI. Lowmagnification images with 10X objective (A–E) and images of individual array elements spots with
100X objective (A’–E’) are represented for chips exposed to bacteria at 106, 105, 104, 103, and 102
cfu/mL, respectively. Negative control chips treated with PBS buffer (F and F’) appear blank, indicating
absence of immobilized bacteria.
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